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NASA SEMI-ANNUAL PROGRESS REPORT 

INTRODUCTION ----- 
Everybody seems t o  be working hard a.2d we have some ex 2 l l e n t  research  

cooking, as evidenced by the t echn ica l  p a r t s  of t h i s  r e p o r t .  

On Octo5er Lc - 6 ,  with  the  jo in t  sponsorsh;p of t he  Mathematics Research 

Y Center ,  U. S.  Army, we h e l d  a spmposiirm on per tu rba t ion  theory based upon our 

mathematical  needs. This  symposium w a s  unique i n  br inging  toge the r  top 

mathematicians t o  l e a r n  about problems of p h y s i c i s t s  and chemists.  The 

p h y s i c i s t s  and chemists i n  t u r n  learned about new mathematical  techniques 

which w i l l  heLp them i n  t h e i r  work. The program f o r  t h i s  symposium i s  a t -  

tached t o  t h i s  r e p o r t  as Appendix A .  The t e c h n i c a l  papers  which were presented 

w i l l  be published as a monograph by John Wiley and Sons. 

b 

We a r e  very happy t o  w a t c h  the new chemistry bu i ld ing  take shape. I n  

May 1967 we a r e  looking forward t o  moving i n t o  new q u a r t e r s  which w i l l  c o n s i s t  

of t h e  e igh th  f l o o r  t oge the r  wi th  a p o r t i o n  of the n i n t h  f l o o r .  

V a l  P r a t t  has  jo ined  the s t a f f  of the 'Theoret ical  Chemistry I n s t i t u t e  as 

the d i r e c t o r  o f ' o u r  computer group. 

up a computer s a t e l l i t e  i n  our new q u a r t e r s  which w i l l  j o i n  up  wi th  the  l a rge  

computer i n  the  Univers i ty  of Wisconsin Computing Center .  

One of h i s  r e s p o n s i b i l i t i e s  i s  t o  s e t  

We want t o  thank NASA once more f o r  providing us  with  a n  e x c e l l e n t  

research  opportuni ty .  We hope t h a t  we w i l l  be ab le  t o  l i v e  up  t o  the  t r u s t  

which you have placed i n  us. 

't 
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RESEARCH INTERESTS OF THE THEORETICAL CHEMISTRY INSTITUTE STAFF 

There i s  a wide range of research  a t  ?he T h e o r e t i c a l  Chemistry I n s t i t u t e .  

W .  Byers Brown, S a u l  T. Eps t e in ,  J. 0. H i r s c h f e l d e r ,  and Arnold C. Wahl a r e  

c u r r e n t l y  working on molecular and i n t e r n o l e c L l a r  quantum mechanics problems. 

Frank C. Andrews and 6. F. C u r t i s s  a r e  concerned wi th  t h e  theory of s t a t i s t i c a l  

mechanics and t r a n s p o r t  p r o p e r t i e s .  Richard R .  Berns te in ,  C. F. C u r t i s s ,  and 

W i l l i a m  A. Les t e r ,  Jr. a r e  i n t e r e s t e d  i n  molecular beams and s c a t t e r i n g  theory.  

S t u a r t  E .  Lovell  i s  i n t e r e s t e d  i n  s c a t t e r i n g  theory.  John E .  Harriman i s  

working on e l e c t r o n - s p i n  resonance and quantum mechanical d e n s i t y  mat r ices .  

The following i s  a summary of t h e  d e t a i l e d  r e s e a r c h  i n t e r e s t s  of each of t he  

s t a f f  members. 

L1 

+ 
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FRANK C. ANDREWS 

Current research activities axe on the equilibrium and non-equilibrium 

statistical mechanics cjf dense classical gases and on non-equilibrium 

thermodynamics. The equilibrium statistical mechanics is an investigation 

of properties in the cle2se gas and liquid regions based on an observation 

that the chemical potential may be viewed very simply and intuitively for a 

*I system in the himit of large volume and number of particles. These investi- 

gations are shedding light on the validity of the van der Waals equation, 

on the liquid-vapor phase transition, and on how to view experimental data 
w 

on the equilibrium properties of fluids. Since this entire approach is new, 

it is too early to say for sure what will come out of it. We have achieved 

a simple, intuitive formulation of the results of Uhlenbeck, Kac, and Hemmer - 1  

on the validity of the one-dimensional van der Waals equation. This led to 

work demonstrating the coexistence of condensed and dilute phases in one- 

dimensional classical fluids2 and to a theoretical study of droplet 

formation in one-dimensional fluids. 3 

In non-equilibrium statistical mechanics, the formulation of a 

functional equation for reduced, several-particle distribution functions 

and the formulation of a generalized Boltzmann equation for the one-particle 
L 

distribution function have been obtained from the reduced Liouville (BBGKY) 

equation in the form of a density e~pansion.~ 

on understanding the physical implications of the results and on mathematical 

The stress in this work is h 

simplicity. It is felt, for example, that the range of validity of Bogo- 

Piubov's hypothesis5 that f rapidly becomes a functional of fl is now 

understood in terms of the initial informationavailable about the system. 

S 

There is continued interest in basic problems of irreversibility in 

6 7 mechanics. A paper is in preparation examining what the theoretician 
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can  say about t he  Onsager r e c i p r o c a l  r e l a t i o n s  from a macroscopic p o i n t  of view. 

Another paper i s  i n  p repa ra t ion  formulat ing t r a n s p o r t  c o e f f i c i e n t s  i n  the  form 

of  time c o r r e l a t i o n  func t ions  based on some very  gene ra l  arguments, g e t t i n g  

around the  u s u a l  f l u c t u a t i o n - d i s s i p a t i o n  theorem. 

An a r e a  i n  which work i s  being undertaken i s  t h a t  of the  s t a t i s t i ca l  

mechanical theory of d i e l e c t r i c  r e l a x a t i o n  i n  l i q u i d s .  Such a bas i c  ques t ion  

as "What a r e  the necessary and s u f f i c i e n t  condi t ions  f o r  t he  v a l i d i t y  of t he  

Debye equat ions?" i s  y e t  t o  be answered. This work i s  being done i n  con- 

j u n c t i o n  wi th  Professor  Worth E .  Vaughan of t he  Chemistry Department. 

There i s  i n t e r e s t  i n  a number of problems i n  the  s ta t i s t ica l  mechanical 

theory of the mechanical p r o p e r t i e s  of polymer s o l u t i o n s .  

There i s  a l s o  a cont inuing  i n t e r e s t  i n  c e r t a i n  more o r  l e s s  peda- 

gog ica l  problems i n  both c l a s s i c a l  and non-equilibrium thermodynamics. 

The long-term goals  of t h i s  research  a r e  increased  phys ica l  and 

t h e o r e t i c a l  understanding of the  s t r u c t u r e  of l i q u i d s  and dense gases ,  both 

a t  equi l ibr ium and out of equi l ibr ium,  and of t he  l iqu id-vapor  phase 

t r a n s i t i o n .  

I M. Kac, G. E. Uhlenbeck, and P. C. Hemmer, J. Math. Phys. 4, 216 (1963). 

2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F. C. Andrews and J. M. Benson, Physics L e t t e r s ,  i n  p re s s .  

F. C. Andrews, Physics L e t t e r s ,  i n  p r e s s .  

F. C. Andrews, J. Math. Phys. 6, 1496 (1965).  

N.  N. Bogoliubov, "Problems of a Dynamical Theory i n  S t a t i s t i c a l  Physics ,"  
1946, English t r a n s l a t i o n  i n  S tudies  i n  S t a t i s t i c a l  Mechanics, V O ~ .  1. 
North-Holland Publ i sh ing  Co., Amsterdam, 1962. 

F. C. Andrews, Proc. N a t l .  Acad. Sc i .  U. S .  53, 1284 (1965); 54 ,  13 (1965). 

F. C. Andrews, given a t  the  December meeting of the  American I n s t i t u t e  
of Chemical Engineers i n  Phi lade lphia .  

4 

5 

6 

7 
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RICHARD B. BERNSTEIN 

The research of R. B. Bernstein acd  associates which receives NASA 

support deals primarily with the problems of atom-atom elastic scattering 

and rotational excication of diatomic molecules upon atomic collision. 

The work on elastic scattering has been concerned with those special 

features of the behavior of the cross sections which are most sensitive to 

. the interaction potential, especially to the attractive well. The recent 

research on the extrema-effect and its relation to the intermolecular 

potential well (carried out in collaboration with Mr. T. J. O'Brien) has 
c 

been presented at the Discussion of the Faraday Society on "Intermolecular 

Forces" in Bristol, England, September, 1965. 

In collaboration with Dr. C. F. Curtiss, Mr. H. T. Wood (now Dr.) and 

Mr. S. Imam-Rahajoe, a detailed study is near completion dealing with the 

quasi-bound states associated with the existence of three turning points, 

quantum mechanical tunneling through the centrifugal barrier, the resonances 

and their inf hence upon low energy scattering behavior. 

An offshoot of this study has been a separate investigation of the 

relationship betweenzthe pattern of (predicted) resonances in elastic atom- 

atom scattering and the predissociation spectra of the composite diatomic 

molecule. 

A computational study of proton-helium scattering at low energies, 

with the collaboration of G. G. Weber (formerly research associate) and 

Mrs. N. H. Gordon, has been completed. 

similar techniques, a parallel investigation of the scattering of metastable 

by ground state helium atoms (and a number of other systems) is being 

initiated in collaboration with Dr. W. A. Lester, Jr. 

As an outgrowth of the work, using 
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The research on the sudden approximation applied to the calculation of 

rotational excitation and scattering of polar diatomic molecules by atoms, 

in collaboration with Dr. K. H. Kramer (formerly research associate), is 

still in progress. 

so-called "action integrals" has been resolved, and a definitive set of 

tables of these integrals has been prepared. New computations on collisional 

rotational transition probabilities (j,m+ jl,ml) and inelastic cross sections 

using these action integrals are in progress, with the help of Mr. R. W. 

Fens termaker . 

A conceptual difficulty regarding the evaluation of the 

. 
, 

The work on the more rigorous time-independent (S-matrix) method of 

treating the rotational excitation problem as applied to homonuclear 

diatomics is being continued by Dr. W. A. Lester, Jr. The computational 

problem of solving the many coupled differential equations efficiently is 

being attacked with some success. It is hoped to examine the solutions in 

the borderline region of total angular momentum where the distorted-wave 

approximation breaks down. 

potentials will be compared with those obtained via the sudden approximation. 

Eventually one should be able to deal with real systems, at least those 

for which an estimate of the (anisotropic) interaction potential can be 

made. 

The results for simple "model" interaction 

The goal of the entire rotational excitation research program is a 

practical method of prediction of differential and total cross sections for 

rotational energy transfer. 
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W. BYERS BROWN 

The fundamental t e c h n i c a l  problems i n  the  molecular quantum mechanics 

of s t a t i o n a r y  s t a t e s  a r e  (a )  e l e c t r o n  repuls ion ,  and (b)  the many-center 

Coulomb f i e l d  i n  molecules. Most of my c u r r e n t  research  i s  concerned wi th  

apply ing  p e r t u r b a t i o n  theory t o  these problems. Thus, 1.D and 1 I . B  a r e  

concerned wi th  problem (a), whi le  XX.A and I I 1 . C  a r e  concerned w i t h  (b) .  

The fol lowing summary of my research  a c t i v i t i e s ,  t oge the r  wi th  my 

c o l l a b o r a t o r s ,  i s  divided i n t o  three  par t s  : 

I. Work repor ted  i n  June 1965 and now e s s e n t i a l l y  completed. 
* 

11. Work repor ted  i n  June 1965 and cont inuing.  

111. New resea rch  p r o j e c t s ,  planned o r  underway. 

I. Work e s s e n t i a l l y  completed 

A). Per tu rba t ion  Theory of Force Constants.  ( I n  c o l l a b o r a t i o n  wi th  

D r .  Margaret  Lowe Benston). 

This  work i s  i n  the  f i n a l  computational s t age .  

B).  Pe r tu rba t ion  Theory of the Constrained V a r i a t i o n a l  Method. 

( I n  c o l l a b o r a t i o n  wi th  D r .  Delano P. Chong). 

The a p p l i c a t i o n  of t h e  method developed by the  au tho r  (J. Chem. Phys. 

- 43, 0000 (1 January 1965)) t o  accura te  c a l c u l a t i o n s  an  L i H  by Browne and 

Matsen (1964) i s  e s s e n t i a l l y  complete and w i l l  be repor ted  s h o r t l y .  

The computat ional  a s p e c t s  of t h i s  problem have been explored f u r t h e r  

by Chong and R a s i e l  (WIS-TCI-119). 

C) .  P e r t u r b a t i o n  I n v e s t i g a t i o n  of De l t a  Model f o r  Diatomic Molecules. 

( In  c o l l a b o r a t i o n  w i t h  Miss P e a r l  S. C. Wang). 

This work has been brought t o  a s u c c e s s f u l  conclus ion  and tends t o  

suppor t  the  a p p l i c a t i o n  of pe r tu rba t ion  theory  by T. Y. Chang and t h e  

au tho r  (WIS-TCI-114) t o  CO based on N2. The r e s u l t s  are repor ted  i n  
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WIS-TCI-130 (December 1965) and w i l l  be publ ished s h o r t l y .  

+ D). Pe r tu rba t ion  Treatment of H, Based on H, . ( I n  c o l l a b o r a t i o n  wi th  

M r .  Robert L. Matcha). 

This  research  i s  repor ted  i n  D r .  Matcha's Ph.D. t h e s i s ,  reproduced as 

WIS-TCI-129. It completely v i n d i c a t e s  t h e  a p p l i c a t i o n  of p e r t u r b a t i o n  theory 

t o  e l e c t r o n  repuls ion  i n  a simple diatomic molecule from the  p o i n t  of view 

of accuracy. 

E) .  Cusp Conditions f o r  Molecular Wave Functions.  ( I n  c o l l a b o r a t i o n  

wi th  M r .  Russe l l  T. Pack and D r .  J. 0. Hi r sch fe lde r ) .  

The research  repor ted  i n  WIS-TCI-123 has  been developed s l i g h t l y  

f u r t h e r ,  and w i l l  be submitted f o r  p u b l i c a t i o n  soon. 

11. Work cont inuing  

A ) .  Per tu rba t ion  Expansion of Molecules Based on the  United Atom. 

( I n  co l l abora t ion  wi th  M r .  James D. Power). 

This problem concerns the  expansion of t he  e l e c t r o n i c  energy W i n  

powers of the i n t e r n u c l e a r  d i s t ances .  Four a s p e c t s  a r e  being a t t acked :  

(1) 

of t he  formula f o r  W3 f o r  diatomics  i n  WIS-TCI-105. 

(2)  

The unproven assumption made by the  au thor  i n  the  d e r i v a t i o n  

The a l t e r n a t i v e  expansion of W f o r  diatomics  i n  powers of 

2 
zazb/z * 

(3) The form of W f o r  polyatomic molecules ( t h i s  i s  in t ima te ly  3 

connected wi th  3-centre  i n t e g r a l s ) .  

( 4 )  

one involving (ZaZb/Z ), which i s  known, and the  o t h e r  involv ing  

( Z  Z / Z  ) , which i s  unknown, and i s  the  f i r s t  r e a l l y  i n t e r e s t i n g  

The form of W4 f o r  diatomics .  This  c o e f f i c i e n t  has two par ts ,  
2 

2 2  
a b  

term i n  t h e  expansion of W. 

c 
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4 M r .  Power i s  c a l c u l a t i n g  values  of W W and the  known p a r t  of W 2' 3 

f o r  2-6 e l e c t r o n  atoms f o r  va r ious  valu.es of Z and s t a t e s  of i n t e r e s t .  

B) .  , .Tirst-order Pe r tu rba t ion  Equation f o r  Helium: Hooke's Law Model. 

( I n  c o l l a b o r a t i o n  wi th  M r .  Ronald J. White). 

The b a s i c  dovkey work. on the  exact  s o l u t i o n ,  and Hartree-Fock approxi-  

mation, f o r  t he  model i s  repor ted  ir, WIS-TCI-116 (29 August 1965), and w i l l  

. 
be publ ished s h o r t l y .  

Present  research  i s  d i r e c t e d  towards the  a n a l y s i s  of p a r t i a l  d i f -  
L 

f e r e n t i a l  equat ions  f o r  t he  Legendre components F (r r ) of the  f i r s t -  

o rde r  wave func t ions  

c4 1' 2 

= 9 (o )P ( r l , r2 , cos  e,,) . The func t ion  F 

i s  known f o r  t he  model but  no t  f o r  the actual helium atom. M r .  White has 

discovered ,  by using a technique introduced by C. Schwartz (1963), t h a t  

the  func t ions  F f o r  the  a c t u a l  helium atom and the  model a r e  asymptot i -  

c a l l y  the same f o r  l a rge  2 . 
R 

C). Thomas-Fermi Model f o r  Diatomic Molecules. ( I n  c o l l a b o r a t i o n  

wi th  M r .  Robert E. Roberts and D r .  S. T. Eps te in) .  

Computations g iv ing  a n  upperbound t o  the  energy f o r  a wide range of 

i n t e r n u c l e a r  d i s t a n c e  and any atomic number f o r  ne t i t ra l  homonuclear 

molecules have been completed. S imi la r  computations on a lower bound a r e  

being c a r r i e d  out .  Also the  absence of van d e r  Waals d i s p e r s i o n  a t t r a c t i o n  

f o r  t h i s  model i s  being inves t iga t ed .  

111. New work 

A ) .  Use of Group Theory t o  Simplify Calcu la t ions  of Eigenvalues and 

Eigenvectors .  

An inconvenience a s soc ia t ed  wizh t h e  use of group theory t o  f a c t o r i z e  

s e c u l a r  equat ions  occurr ing  i n  quantum mechanics i s  t h a t  p a r t i c u l a r  

r e a l i z a t i o n s  of degenerate  i r r e d u c i b l e  mat r ix  r ep resen ta t ions  appear  
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t o  be requi red .  This i s  a cur ious  s i t u a t i o n ,  s i n c e  the  eigenvalues  and 

e igenvec tors  are independent of any p a r t i c u l a r  r e a l i z a t i o n .  The au thor  

showed some years  ago (unpublished work) t h a t  i t  i s  poss ib l e  t o  express  the  

i r r e d u c i b l e  f a c t o r s  of the  s e c u l a r  determinant  i n  an e x p l i c i t l y  i n v a r i a n t  

form involving only the group cha rac t e r s .  This  work w a s  r e s u s c i t a t e d  as a 

r e s u l t  of a v i s i t  t o  the  I n s t i t u t e  by Professor  P. 0. Ldwdin, and i s  being 

extended i n  the l i g h t  of r ecen t  developments. 

- B ) .  Short  Range I n t e r a c t i o n  Between Atoms. ( I n  c o l l a b o r a t i o n  w i t h  

D r .  Rodger B. Hake). 

Conventional c a l c u l a t i o n s  of the  r epu l s ion  energy between two atoms 

become awkward f o r  d i s t a n c e s  less than  about 0.5A. On the  o t h e r  hand, 

the  uni ted  atom expansion only works w e l l  f o r  much s h o r t e r  d i s t a n c e s ,  say  

0.0-0.1A. The s h o r t  range, less than 0.5A, has r e c e n t l y  begun t o  be 

explored experimental ly  by Everhart  and o the r s ,  and t h e r e  i s  now con- 

s i d e r a b l e  i n t e r e s t  i n  t h e o r e t i c a l  p o t e n t i a l s  i n  t h i s  range. 

. The p o s s i b i l i t y  of developing a theory s u i t a b l e  f o r  t h i s  range i s  

being inves t iga t ed  on the b a s i s  of the  fol lowing ideas :  

(1) 

(2) use e l l i p t i c  coord ina tes  

components of the  wave func t ion ;  

(3) 

MacRobert (1948) and Livingston (1965) f o r  the  Euler  t ransforms 

which occur. 

C) .  Low Range I n t e r a c t i o n s  Between Atoms. ( I n  c o l l a b o r a t i o n  wi th  

t r e a t  e l e c t r o n  r epu l s ion  as a pe r tu rba t ion ;  

$ and work wi th  the  jh ) 

u t i l i z e  the b e a u t i f u l  and simple mathematical  r e s u l t s  of 

M i s s  P e a r l  S. C. Wang). 

I n  a recent  paper by Ovchinnikov and Sukhanov (1965) the  asymptotic 

exponent ia l  (over lap)  terms i n  the  e l e c t r o n i c  energy of H + have been 2 
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obta ined .  This work i s  being extended t o  a he te ronuc lea r  one-e lec t ron  diatomic 

molecule t o  d i scove r  the  dependence of t he  va r ious  long-range terms on t h e  

atomic numbers Z and Zb. a 

D). Quadrupole-Quadrupole I n t e r a c t i o n  Constants  f o r  Atoms. ( I n  

c o l l a b o r a t i o n  wi th  M r .  T a i  Yup Chang). 

The long-range i n t e r a c t i o n  of atoms i n  s t a t e s  o the r  than  S - s t a t e s  i s  

. f r e q u e n t l y  dominated by the  f i r s t - o r d e r  quadrupole-quadrupole i n t e r a c t i o n ,  

which leads  t o  a n  i n t e r a c t i o n  energy -C5/R . The theory of the  cons tan t  C5 

has been thoroughly worked ou t  by Knipp (1938), bu t  t he  expec ta t ion  va lues  

of r2 involved do not  appear  t o  have been r eca l cu la t ed  wi th  accurate wave 

5 
c 

func t ions .  

D r .  Berns te in  a t  the  I n s t i t u t e  has r e c e n t l y  discovered a way of 

ob ta in ing  long-range atomic i n t e r a c t i o n  cons t an t s  C from the  p r e d i s s o c i a t i o n  

s p e c t r a  of diatomic molecules. 

f o r  a n  ex tens ive  se t  of atoms and s t a t e s  by two methods: 

n 

It is  t h e r e f o r e  proposed t o  calculate C5 

(1) from the  

atomic Hartree-Fock wave func t ions  of Clementi, (2) by us ing  screening  

cons t an t s  obtained by Dalgarno's technique of s e t t i n g  f i r s t - o r d e r  c o r r e c t i o n s  

equa l  t o  zero.  
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C P C~JRTZ.SS _.--..- 
We have continued our  s tudy of the th.?r)ry of t r a n s p o r t  phenomena i n  gases .  

Ln p a r t i c u l a r ,  we have continued the  s tudy of quantum e f f e c t s ,  t he  e f f e c t s  

of internal .  d e g r e e s o f  freedam, and dens i ry  e f f e c t s  OF, t he  va lues  of t he  

t r a n s p o r t  c o e f f i c i e n t s .  Drzring & h i s  p e r i o d ,  fo-r Ph.D. theses  based on these  

s t u d i e s  were completed. 

' I n  previous s t u d i e s ,  we had devel-ooped expansions of the  t r a n s p o r t  c ros s -  

s e c t i o n s  as s e r i e s  i n  powers of Planck's soistagt. E x p l i c i t  express ions  were 

obtained f o r  the  c l a s s t c a l  term and the  first fovr quantum cor rec t ions .  

These cor 'recti%n terms were e v a l d a k d  numerical ly  f o r  a r e a l i s t i c  p o t e n t i a l  

func t ion ,  the Lennard-Jones pocen t i a i ,  irsing the  CDC 1604 computer. These 

r e s u l t s  form a p o r t i o n  of t he  Ph.D. t h e s i s  of Herbert  T. Wood. I n  previous 

work we 'had evaluated the  quantum mechanical t r a n s p o r t  c ros s - sec t ions  

through t h e  eva lua t ion  of the  phase s h i f t s  by d i r e c t  s o l u t i o n  of the  

Schroedinger equat ion.  This d i r e c t  method i s  u s e f u l  i n  the  low temperature 

reg ion  where the  co r rec t ions  a r e  Large. 

range i n  which the  co r rec t ions  a r e  small, b u t  s i g n i f i c a n t ,  t he  d i r e c t  

eva lua t ion  i s  too  lengthy even f o r  a Large compidter. The s e r i e s  development 

provides  information i n  t h i s  in te rmedia te  temperature  range. The s e r i e s  

development i s ,  however, only asymptot ica l ly  convergent.  Numerically i t  

appears  t h a t  t he  reg ion  i n  which the  s e r i e s  i s  u s e f u l  i s  not  s u f f i c i e n t l y  

l a r g e  t o  overlap wi th  the  reg ion  i n  which the  e a r l i e r  d i r e c t  r e s u l t s  were 

obtained.  David Bennett  i s  d e v e h p i o g  a modi f ica t ion  of the  s e r i e s  

development, which i t  is hoped w i l l  have a l a r g e r  range of convergence. 

I n  t h i s  way we hope t o  o b t a i n  numerical  r e s u l t s  over the  e n t i r e  range of 

t he  va r i ab le s .  The primary s i g n i f i c a x e  of t h i s  development i s  t h a t  i t  

In  an in te rmedia te  temperature 
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may confirm ( o r  poss ib ly  c o n f l i c t  wi th)  e a r l i e r  r e s u l t s  which we have obtained 

concerning the l i m i t  as h + O  of the quantum express ions  f o r  t he  c r o s s  

s e c t i o n s .  

We have a l s o  continued our  study of the  e f f e c t s  of i n t e r n a l  degrees  of 

freedom on the  t r a n s p o r t  c o e f f i c i e n t s .  We have obtained e x p l i c i t .  express ions  

f o r  t h e  quantum mechanical d i f f e r e n t i a l  c ros s  s e c t i o n s  f o r  c o l l i s i o n s  

between loaded spheres  i n  which the  load i s  j u s t  s l i g h t l y  o f f  cen te r .  These 
. 
c resul ts  were then  used t o  o b t a i n  expressions f o r  t he  t r a n s p o r t  p r o p e r t i e s  of 

such a gas.  This  probably r ep resen t s  t he  f i r s t  exac t  quantum mechanical 

eva lua t ion  of t he  t r a n s p o r t  c o e f f i c i e n t s  of a gas of molecules wi th  i n t e r n a l  

degrees  of freedom. We have shown t h a t  t h e  c l a s s i c a l  l i m i t s  of the  quantum 

express ions  are i d e n t i c a l  w i th  t h e  r e s u l t s  prev ious ly  obtained from a 

d i r e c t  classical development by Dahler. 

t h e s i s  of John J. Mueller.  

This  development forms t h e  Ph.D. 

I n  connect ion wi th  our  s tudy  of t he  e f f e c t s  of i n t e r n a l  degrees  of 

freedom on the t r a n s p o r t  c o e f f i c i e n t s  we have a l s o  continued our  s tudy  of 

t he  i n e l a s t i c  and e l a s t i c  c o l l i s i o n s  between atoms and ions .  As a pro to-  

type of more complex processes ,  we considered i n  d e t a i l  c o l l i s i o n s  between 

a pro ton  and a hydrogen atom. I n  h i s  Ph.D. t h e s i s ,  Donald J. Kouri con- 

s i d e r e d  the  formal theory of t h i s  s c a t t e r i n g  process  making f u l l  u s e  of 

t h e  symmetries of t he  Hamiltonian. 

Hamiltonian t o  a r o t a t i o n  of the e n t i r e  system permits  t he  s e p a r a t i o n  

of t h r e e  r o t a t i o n a l  coord ina tes  from the  Schroedinger equat ion.  I n  a 

similar manner, the  i d e n t i t y  of t h e  pro tons  l eads  t o  f u r t h e r  s i m p l i f i c a t i o n s ,  

I n  par t icu lar ,  the  inva r i ance  of t he  

which a r e  of importance i n  connection w i t h  the  imp l i ca t ions  of t h e  P a u l i  

p r i n c i p l e .  
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We are also cont inuing  our  s tudy of d e n s i t y  e f f e c t s  on the  t r a n s p o r t  

c o e f f i c i e n t s .  I n  a previous s tudy ,  express ions  and numerical  va lues  of 

t he  v i s c o s i t y  and thermal conduct iv i ty  second v i r i a l  c o e f f i c i e n t s  were 

obtained by Hoffman. The numerical  r e s u l t s  obtained by Hoffman, us ing  the  

Lennard-Jones p o t e n t i a l ,  agree  reasonably w e l l  w i th  the  experimental  va lues  

a t  high temperatures.  A t  low temperatures cons iderable  disagreement occurs .  

This  disagreement i s  very  probably due t o  t h e  e f f e c t  of bound s t a t e s  which 

were not  considered proper ly  i n  the  t h e o r e t i c a l  development. This  d i f -  

f i c u l t y  w a s  introduced by an approximation which p lays  a n  e s s e n t i a l  r o l e  

i n  the development. This  approximation involves  the  mechanism by which 

bound p,airs  of molecules a r e  formed and destroyed.  

we presume, l i t t l e  e f f e c t  on the  r e s u l t s  a t  high temperatures  but  i s  poor 

a t  low temperatures.  R. Soesanto Imam-Rahajoe is  cont inuing  our s tudy 

of t h i s  problem. I n  t h i s  s tudy we a r e  r e t a i n i n g  the  b a s i c  approximation 

introduced by Hoffman but  cons ider ing  the p a r a l l e l  quantum mechanical 

development. The phys ica l  i dea  behind t h i s  approach i s  t h a t  due t o  

tunnel ing  the c l a s s i c a l  bound s t a t e s  of p o s i t i v e  energy a r e  not  bound i n  

a quantum treatment .  It is  expected t h a t  t h i s  w i l l  e l imina te  most of t he  

e r r o r  i n  the  c lass ical  t reatment  of the  problem. 

The approximation has ,  

F i n a l l y ,  we  concluded our  development of a s t a t i s t i c a l  mechanical 

d e r i v a t i o n  of the magnetohydrodynamic equat ions  of change. This develop- 

ment i s  . t he  Ph.D. t h e s i s  of Raymond Beshinske. 
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SAUL T. EPSTEIN 
-___I-- 

Re s e a r  ch- Ac t i v i  t i e  % 

, I). Continued i n t e r e s t  i n  t r y i n g  t o  determine a n  opt imal  "Unperturbed 

Hamiltonian" t o  go wi th  8 given "Unpecturhed Wave Function". 

2) .  

be a v a i l a b l e  (Efatrha and Lyon). 

t h e o r i e s  of Hameka and of Pople would p r e d i c t .  This w i l l  t e s t  the  f u r t h e r  

approx,imation these  au thors  make beyond the  one-e lec t ron  approximation 

i t s e l f .  

An accura t e  va lue  f o r  the  magnetic s u s c e p t i b i l i t y  of Hef should soon 

This will. then  be compared wi th  what t he  

. 
r 

3 ) .  We have s tud ied  var ious  connections between c a l c u l a t i o n s  of the  van 

d e r  Waal's p o t e n t i a l  between two atoms which use convent ional  second order  

p e r t u r b a t i o n  theory,  and c a l c u l z t i o n s  which are based on t h e  frequency 

dependent p o l a r i z a b i l i t i e s  of t h e  i so l a t ed  atoms. 

4 ) .  I n  connect ion wi th  the  problem of long range fo rces  between atoms we 

are i n v e s t i g a t i n g  ways o f  t r e a t i n g  the P a u l i  P r i n c i p l e  as a pe r tu rba t ion .  

5). We p lan  t o  produce the  "Sturmian Functions" ( see  M. Rotenberg, Annals 

of Phys. 19, 262 (1962)) f o r  H2 

as a b a s i s  s e t  f o r  molecular ca l cu la t ions .  

+ 
and then  i n v e s t i g a t e  t h e i r  usefu lness  

6) .  We p l a n  a numerical  i n v e s t i g a t i o n  of the  Thomas-Fermi model f o r  a 

d ia tomic  molecule (with Byers Brown and R. Roberts)  i n  o rde r  t o  s e e  i n  

r d e t a i l  t he  o r i g i n s  of Te l le r ' s  theorem (Rev. Mod. Phys. 34, 627 (1962)) 

t h a t  t he re  i s  no molecular binding. 

7). Calcula t ions  a r e  progressing on the  ground s t a t e  of Beryll ium ( w i t h  

J. Karl) us ing  r terms i n  t h e  wave func t ions .  

8). Ca lcu la t ions  a r e  progress ing  on the Lamb S h i f t  i n  H (wi th  J. D. Garc ia ) .  

i j  

2 
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JOHN E. HARRIMAN 

The goa l  of our research  program i s  a b e t t e r  understanding of t he  e l e c t r o n i c  

s t r u c t u r e  of molecules, p a r t i c u l a r l y  those w i t h  open s h e l l s  as i n  f r e e  r a d i c a l s ,  

and of magnetic energy l e v e l s  i n  molecular systems. Emphasis i s  placed on 

a spec t s  which can be inves t iga t ed  by e l e c t r o n  s p i n  resonance. 

I. A Comparison and Extension of Molecular SCF Methods. 

w i th  Ken Sando, Lloyd Holm, and D r .  Arturo Hardisson).  

( I n  c o l l a b o r a t i o n  

Molecular s e l f - c o n s i s t e n t  f i e l d  c a l c u l a t i o n s  can be done i n  a v a r i e t y  of 

ways f o r  open s h e l l  systems such as f r e e  r a d i c a l s  and t r i p l e t  s t a t e s .  

convent ional  o r  r e s t r i c t e d  method involves  a closed s h e l l  of doubly occupied 

o r b i t a l s  and an  open s h e l l  i n  which a l l  e l e c t r o n s  have the  same sp in .  I n  

the  u n r e s t r i c t e d  method the  c losed  s h e l l  o r b i t a l s  a r e  s p l i t  t o  g ive  d i f f e r e n t  

o r b i t a l s  f o r  d i f f e r e n t  sp ins .  The r e s u l t i n g  func t ion  can be made an eigen-  

func t ion  of S by a p p l i c a t i o n  of a p r o j e c t i o n  opera tor .  I f  the  func t ion  i s  

i n  the  form of a sp in-pro jec ted  s i n g l e  determinant  bu t  the  o r b i t a l s  are 

chosen t o  minimize the  energy a f t e r  p r o j e c t i o n  then the  r e s u l t  i s  f r equen t ly  

c a l l e d  extended SCF. 

The 

2 

The most commonly used c r i t e r i o n f o r  how "good" a wave func t ion  is ,  the  

energy assoc ia ted  wi th  i t ,  can be appl ied  t o  these  va r ious  SCF methods. We 

a r e  making a gene ra l  comparative i n v e s t i g a t i o n .  When w i l l  the  u n r e s t r i c t e d  

SCF energy be lower than the  r e s t r i c t e d ;  when w i l l  the energy be decreased 

by s p i n  p ro jec t ion ;  and how do extended SCF ene rg ie s  compare w i t h  these  

o t h e r s ?  We have gene ra l  energy express ions  f o r  t he  va r ious  methods, and 

we expect  t o  compare a l s o  the r e s u l t s  of s p e c i f i c  c a l c u l a t i o n s .  

It i s  we l l  known t h a t  o t h e r  p r o p e r t i e s ,  such as the  s p i n  d e n s i t y  

d i s t r i b u t i o n ,  a r e  more a f f e c t e d  by p r o j e c t i o n  than  i s  the  energy. We a r e  



17 

i n v e s t i g a t i n g  va r ious  molecular u n r e s t r i c t e d  SCF wave func t ions  and the  e f f e c t  

of p r o j e c t i o n  on s p i n  p rope r t i e s .  A p e r t u r b a t i o n  t reatment  of "spin- 

p o l a r i z a t i o n "  e f f e c t s  commonly encountered i n  e l e c t r o n  s p i n  resonance 

spec t rascopy i s  a l s o  g e t t i n g  under way. 

Although the  wave func t ion  corresponding t o  a sp in-pro jec ted  s i n g l e  

determinant  i s  known i n  the  gene ra l  case ,  t h i s  genera l  form i s  not  convenient  

f o r  use i n  c a l c u l a t i o n s .  Expressions have been known f o r  s e v e r a l  yea r s  which w 

give  t h e  f i r s t  o rder  reduced dens i ty  mat r ix  f o r  the  p ro jec t ed  s ta te  con- 
r 

v e n i e n t l y  i n  terms of t h a t  f o r  t he  unprojected s ta te .  We are now i n  t h e  

process  of ob ta in ing  similar expressions f o r  the  second o rde r  dens i ty  

matrix. We hope t o  apply them t o  such problems as the  c a l c u l a t i o n ,  i n  

the  p ro jec t ed -unres t r i c t ed  SCF approximation, of z e r o - f i e l d  s p l i t t i n g s  

i n  molecular t r i p l e t s  and of the  spin-other  o r b i t  c o n t r i b u t i o n  t o  a g- 

f a c t o r  an iso t ropy  i n  f r e e  r a d i c a l s .  

We have had a v a i l a b l e  f o r  some time the  t h e o r e t i c a l  b a s i s  f o r  

extended SCF c a l c u l a t i o n s  by a dens i ty  mat r ix  method. Unfortunately,  

computational problems no t  d i r e c t l y  a s soc ia t ed  wi th  the  c r i t i c a l  f e a t u r e s  

of t he  problem have thus f a r  prevented e f f e c t i v e  t e s t  of t h e  method. 

Work i n  t h i s  area i s  cont inuing.  

Some of t h i s  work w i l l  be repor ted  a t  the  i n t e r n a t i o n a l  colloquium 

on "Magnetic Hyperfine S t ruc tu re  0%; Atoms and Molecules" i n  P a r i s ,  June 

1966. 

11. Molecular Mapnetic Energy Levels and Time Dependent E f f e c t s  i n  

E lec t ron  S p i n  Resonance. 

I n t e r e s t  i n  t hese  areas cont inues.  A t  p re sen t ,  however, ou r  major 

e f f o r t  here  has  been d i r e c t e d  toward the  es tab l i shment  of experimental  
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facts. Experimental work receives support from sources other than NASA. 

111. Quantum Mechanical Density Matrices. 

Work continues on density matrix theory. In addition to the density 

matrices associated with SCF theory, we are investigating density matrices 

of more complex functions. The n-representability problem, and relationships 

among density matrix components are being investigated in certain special 

cases. 
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JOSEPH 0. HlRSCHFELDER 

I. MaManetic and R e l a t i v i s t i c  Interrnoiecu2ar Forces 

A) ,  Moderately Large S e p a z a t i ~ ~ s  ($aA t o  ZOOA), [ i n  c o l l a b o r a t i o n  wi th  

H.ojing K i m  and Id. J. Meath] e We are making a sys temat ic  s tudy of va r ious  

types of in te rmolecular  f o r c e s  which a r e  due t o  magnetic and r e l a t i v i s t i c  

e f f e c t s .  One paper (by Heath and Hirschfe lder )  has been accepted f o r  

p u b l i c a t i o n  i n  the  J. Chern. Phys. Recent ly  K i m  has t r e a t e d  the energy of 

r i n t e r a c t i o n  between two hydrogen atoms i n  t h e i r  ground s t a t e s .  He i s  

c u r r e n t l y  working on the i n t e r a c t i o n  of  one hydrogen atom i n  i t s  ground 

s ta te ,  the  o t h e r  i n  a 2s o r  2p s t a t e  where resonance make the  c a l c u l a t i o n s  

much more d i f f i c u l t  bu t  t he  r e s u l t s  much more i n t e r e s t i n g .  

B) .  Very Long Range Retarda t ion  I n t e r a c t i o n s  ( sepa ra t ions  P r e a t e r  

than  200A), [ i n  c o l l a b o r a t i o n  w i t h  Duane Condiff and W. J. Meath] . A t  

very  l a r g e  s e p a r a t i o n s  r e l a t i v i s t i c  r e t a r d a t i o n  e f f e c t s  change the  na tu re  

of i n t e rmolecu la r  fo rces .  One paper on t h i s  s u b j e c t  (by Meath and 

H i r s c h f e l d e r )  has  a l r eady  been accepted f o r  p u b l i c a t i o n  by the  J.  Chem. 

Phys. Condiff i s  f i n d i n g  t h a t  he  can reproduce the  C a s i m i r  and Polder  

r e s u l t s  f o r  t he  i n t e r a c t i o n  of two molecules i n  t h e i r  ground s t a t e s  by 

u s i n g  r e a c t i o n  f i e l d  techniques toge ther  w i t h  c l a s s i c a l  electrodynamic 

cons ide ra t ions ,  i n s t e a d  of using quantum f i e l d  theory and summing twenty- 

seven Feynman diagrams. The long range i n t e r a c t i o n  of one molecule i n  an 

e l e c t r o n i c a l l y  exc i t ed  s t a t e  w i th  a molecule i n  i t s  ground s t a t e  i s  very  

i n t e r e s t i n g  s i n c e  the energy of i n t e r a c t i o n  v a r i e s  as R . 
a r e  the  same spec ie s ,  the energy v a r i e s  as R . Thus, an  e l e c t r o n i c a l l y  

-2 I f  the  molecules 

-1 

e x c i t e d  molecule w i l l  i n t e r a c t  s t r o n g l y  wi th  a s u r f a c e  which may be as 

-4  much as 10 cm d i s t a n t .  We a r e  t ry ing  t o  des ign  an experimeqt t o  measure 

t h i s  behavior.  This  e f f e c t  may be of cons iderable  i n t e r e s t  i n  b i o l o g i c a l  



20 

systems, c a t a l y s i s ,  e t c .  We s h a l l  explore  these  p o s s i b i l i t i e s .  

11. A Calcula t ion  of In te rmolecular  Forces Using Pe r tu rba t ion  Techniques, 

We are t r y i n g  t o  [ i n  co l l abora t ion  wi th  W. A. Sanders and W. D. Lyon 1 . 
apply pe r tu rba t ion  techniques t o  in te rmolecular  fo rce  problems a t  small 

s e p a r a t i o n s  were the charge d i s t r i b u t i o n s  overlap.  B u r  e f f o r t s  up t o  the 

p re sen t  time have no t  been s a t i s f a c t o r y  (al though we w i l l  g e t  a j o u r n a l  

p u b l i c a t i o n ) .  However, we a r e  c u r r e n t l y  working on a very  promising 

approach which concent ra tes  on the  expec ta t ion  va lue  of the coord ina tes  of 

two e l ec t rons .  For example, we a r e  t r y i n g  t o  g e t  good va lues  of (XlX2> . 
I f  t he  two e l ec t rons  a r e  i n  the  same atom, good va lues  of t h i s  expec ta t ion  

va lue  ensure good values of t he  p o l a r i z a b i l i t y .  I f  the two e l e c t r o n s  a r e  

on d i f f e r e n t  atoms, t h i s  type of c o r r e l a t i o n  ensures  good in te rmolecular  

fo rces  . 
111. A New Method f o r  Calcu la t ing  Bipolar  Angle Averages and Two-Center, 

[ i n  c o l l a b o r a t i o n  wi th  Mi l l eu r  and 12' Two-Particle I n t e g r a l s  Involving r 

Twerdochlib] . A remarkably simple procedure i s  found f o r  c a l c u l a t i n g  

b i p o l a r  angle  averages of a two-center,  two-par t ic le  func t ion .  Our pro- 

cedure i s  based upon s i m p l e  geometr ical  cons ide ra t ions .  This b i p o l a r  angle  

average can be used as a f i r s t  s t e p  i n  c a l c u l a t i n g  two-center,  two-par t ic le  

The b i p o l a r  angle  average and the  b i p o l a r  angle  i n t e g r a l s  involving r 

average weight func t ions  which a r e  t abu la t ed  may be u s e f u l  f o r  the d e t e r -  

minat ion of  r a d i a l  d i s t r i b u t i o n  func t ions  o r  t o  assist i n  the  a n a l y s i s  of 

x-ray c rys ta l lography or e l e c t r o n  d e f r a c t i o n .  

I V .  Molecular O r b i t a l s ,  [ i n  c o l l a b o r a t i o n  wi th  A. C. Wahl ] . It i s  

found t h a t  Slater screening  cons t an t s  can be used t o  e s t ima te  the  s i z e  of 

some molecular o r b i t a l s ,  o t h e r s  a r e  too  d i s t o r t e d  by p o l a r i z a t i o n  and 

e l e c t r o n  t r a n s f e r s  t o  bear  much resemblance t o  the separa ted  atom o r b i t a l s .  

12' 



21 
V. Chemical React ion Rate Theory, [ i n  c o l l a b o r a t i o n  wi th  Duane Condiff ,  

Michael S t e r n  and Carol Sanna]  . The r e l a t i v e  r a t e s  of i s o t o p i c  chemical 

r e a c t i o n s  depend upon the r e f l e c t i o n  and t ransmission c o e f f i c i e n t s  of wave 

packets  moving on a p o t e n t i a l  energy su r face .  We i d e a l i z e  these  p o t e n t i a l  

energy su r faces  by two-dimensional wave guides such t h a t  we can so lve  the  

r e s u l t i n g  two-dimensional quantum mechanical problems exac t ly .  We are 
. 

c u r r e n t l y  working on two types of problems: 

A) Two s t r a i g h t  troughs which meet a t  an  a n g l e . .  
r 

B )  A s t r a i g h t  trough j o i n i n g  a c i r c u l a r  segment which j o i n s  a 

second s t r a i g h t  trough. 

I n  the  c i r c u l a r  segment we a r e  c a l c u l a t i n g  a very  i n t e r e s t i n g  type of 

Bessel func t ion ,  gn (r)  . Here $, = 0 a t  the  two boundaries of our  

and r = r + a . I n  between, gn has (n-1) modes. 
I: = ro 0 wave guide,  - 

The 2, a r e  l i n e a r  combinations of Bessel  func t ions  of the  f i r s t  and 

second kinds.  For small va lues  of n , the  order  of t he  Bessel  func t ions  

a r e  rea l ;  but  f o r  l a r g e  va lues  of n , t he  order  i s  pure imaginary. 

Professor  Rudolph Marcus a t  the Un ive r s i ty  of I l l i n o i s  i s  making 

similar c a l c u l a t i o n s  on similar p o t e n t i a l  energy su r faces  us ing  classical  

( in s t ead  of quantum) mechanics t o  c a l c u l a t e  t he  t ransmiss ion  and r e f l e c t i o n  

c o e f f i c i e n t s .  We s h a l l  probably publ i sh  our r e s u l t s  j o i n t l y .  
c 

F V I .  Molecular Models Displayed by Computers, [ i n  c o l l a b o r a t i o n  wi th  

Carol  Cons tab le ]  . 
d i sp lay ing  a space f i l l i n g  molecular model of the Hirschfe lder -Fisher  type 

as viewed from an a r b i t r a r y  d i r e c t i o n .  O u r  i npu t  i s  t h e  se t  of coord ina tes  

of each of the  atoms toge the r  wi th  t h e i r  spec ie s .  This work i s  being 

We have developed a computing machine program f o r  

supported by t h e  Nat iona l  1 .ns t i tu tes  of Heal th .  We a r e  looking forward t o  

coupl ing these  d i sp lays  wi th  the s o l u t i o n s  of dynamical equat ions  i n  o r d e r  

t o  show moving p i c t u r e s  of t he  normal modes of molecules.  We have reason 
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to believe that the normal modes of enzymes and other biological molecules 

may be quite surprising. 

c 
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STUART E. LOVELL 

The work on high energy atom-ion c o l l i s i o n s  descr ibed  i n  t h e  previous 

r e p o r t  cont inues.  This  work has been c a r r i e d  out  i n  c o l l a b o r a t i o n  w i t h  

D r .  M. B. McElroy of the  K i t t  Peak Nat ional  Observatory. Bas i ca l ly ,  the  

approach used i s  t o  expand t h e  wave func t ion  f o r  t he  c o l l i d i n g  system i n  

l i n e a r  combinations of atomic wave func t ions  centered on the  two cen te r s .  

Making c e r t a i n  approximations appropr ia te  f o r  high ene rg ie s  and massive 

p a r t i c l e s ,  one ob ta ins  a s e t  of simultaneous,  f i r s t  o rder ,  d i f f e r e n t i a l  

equat ions .  

func t ions  used i n  the  expansion. 

. 
P 

The number of equat ions equals  the  number of atomic wave 

We have pafd p a r t i c u l a r  a t t e n t i o n  t o  the  e f f e c t  on the  ca l cu la t ed  

c r o s s  s e c t i o n s  of inc luding  a varying number of atomic s ta tes  i n  the  

expansion. Our  a i m  here  i s  not  the  ca l cu la t ed  va lues  p e r  se. ,  bu t  t o  

o b t a i n  a q u a l i t a t i v e  and semi-quant i ta t ive  understanding of the  s impler  

models t o  a i d  i n  understanding more complicated systems f o r  which c a l c u l a t i o n s  

a r e  n o t  f e a s i b l e .  A second r e p o r t  on t h i s  work i s  now i n  progress .  

The s o l u t i o n  of the  d i f f e r e n t i a l  equat ions  desc r ib ing  the  system is a 

formidable computation even when a r e s t r i c t e d  number of atomic s ta tes  are 

used. I f  only two s t a t e s ,  one on each c e n t e r  a r e  used, and i f  t h e  system 

i s  symmetric, e .g . ,  proton-hydrogeny then  one may o b t a i n  t h e  s o l u t i o n  i n  

i n t e g r a l  form. 

I n  the  so -ca l l ed  Born formulat ion of the  problem one ob ta ins  an  

i n t e g r a l  equat ion  r e p r e s e n t a t i o n  of t h e  s o l u t i o n .  

i n t e g r a l  equat ion  i s  p o s s i b l e  only if one knows the  t r u e ,  time dependent 

wave func t ion  f o r  the  system, which, of course,  one does not .  A sys temat ic  

sequence of approximate s o l u t i o n s  (not n e c e s s a r i l y  convergent) f o r  t h e  

Born equat ion  a r e  o r d i n a r i l y  used. 

Exact s o l u t i o n  of t h i s  

We sugges t  here  an a l t e r n a t e  approximation. 
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It i s  simply t o  use i n  p lace  of the  t r u e  wave func t ion  the  above mentioned 

two s t a t e  so lu t ion .  

I n  so  f a r  as we know t h i s  i s  a new approximate s o l u t i o n  t o  the  Born 

equat ion.  

only a t  h igh  ( i . e . ,  g r e a t e r  than  5Kev) ene rg ie s .  

f e a s i b l e  and, we expect ,  of s a t i s f a c t o r y  accuracy. 

It i s  admi t ted ly  usable  only f o r  symmetric systems and probably 

However i t  i s  computat ional ly  

r 
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ARNOLD C. WAHL 

- Development of analysis and general multiconfiguration-multicenter program 

the CDC 3600 with first planned usage bei.ng ab initio studies of simple 

chemical reactions. 

fashion more easily transcribable to the next generation of computers. 

Program is being written in fortran and in a modular 

11. Extended-Hartree-Fock studies of diatomic molecules with emphasis on 

the proper description of molecular formation and dissociation. Calculations 

on H2, Li and F have been completed whi.ch indicate that only a few of what 2 2 

we call Optimized-Valence-Configurations are necessary to give reasonable 

binding energies and spectroscopic constants. The NaK molecule is being 

studied in detail by this method. 

111. Pictorial Studies of Molecules. Automatic charge density contour 

hunting and plotting programs have been developed for the CDC 3600 which we 

are using to visually study gross features of chemical binding, ionization 

in molecules, and electron correlation as achieved by added optimal- 

configurations. 

IV. 
+ - + - + 

Hartree-Fock Studies of He2,Z2 , F 2  ,Ne, .. NeZ. c12,c1, ,Ar, Y A r , ,  

with the 

terms of 

energy. 

properly 

for this 

goal of illucidating chemical binding and interatomic forces in 

localized orbitals and various types of contributions to the total 

All of the above systems with the exception of C12 dissociate 

in the Hartree-Fock approximation and thus are reasonable candidates 

study. Although primarily motivated by its interpretative aspect 

this study yields wave function and properties useful in themselves. 

V. The analysis and technology of calculating molecular properties from 

computed wave functions is being extensively developed. Our goal being the 

reliable prediction of binding energies, spectroscopic constants, multipole 

moments, field gradients, magnetic susceptibility, ionization potentials, 

and transition probabilities. 
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SUMMARY OF EXPENDITURES AND UNLIQUIDAEED COMMITMENTS 

Theore t i ca l  Chemistry ' Ins t icu te  p o r t i o n  of NASA Grant NsG-275- 

J1;Ty 1, 1465 - 9ecember 31 ,  1965 

S a l a r i e s  

Computing Services  

Trave l  

Pub 1 i c a t  i ons 

Serv ices  

Suppl ies  

Communications 

Honoraria f o r  Consulting 
Serv ices  

T o t a l  D i rec t  Costs 

Overhead 

Computing Equipment 

T o t a l  Costs 

* 
** 

E x p e r d i t i z e s  

S'eGC, 408 G O  

31 ,5 t7 .94  

1.,.534.93 

64:' 34 

4C8 a 9 9  

2,043 83 

595.37 

3 ,445  40 

$140, h3"180 

2 8 ,  h26-36 

6 1 ,  COO. 00 

$229,758.b6  

* 20% of Tota l  D i r e c t  Costs 

C r l i q v  ida ted  
Qxrm i t me n t s 

$ 2 0 , 4 6 4  7 0  

b ,  977 a 11 

3,9 24.40 

35.32 

366 e 67 

i, 795 85 

- 2,077 50 

$ 3 3 ,  6410 55 

6 ,728 .31  

$40,369 a 86 

** Surplus  from f i s c a l  year  1954-65 research  bcdget 

To ta l s  

$120,872.70 

36,525.05 

1 , 534.93 

4 ,571 .74  

444 .31  

2,410.50 

2,391.22 

5 ,522 .90  

$174,273.35 

34,854.67 

61,000.00 

$270,128.02 

. 



APPENDIX A 

Attached i s  the  program from the I n v i t a t i o n a l  Advance Seminar on 

P e r t u r b a t i o n  Theory and I t s  Applicat ion i n  Quantum Mechanics, October 

4 - 6 ,  1965, which was sponsored j o i n t l y  by the  Theore t i ca l  Chemistry 

I n s t i t u t e  and the  Mathematics Research Cznter,  LI. S. Army, a t  the  

Un ive r s i ty  of Wisconsin. 

27 
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APPENDIX B - Theoretical Chemistry Institute Short-Term Visitors 
During the Period 1 July 1965 throuph 3 1  December 1965 

NAME AND ADDRESS 

Dr. Abraham Ben-Reuven 
National Bureau of Standards 
Washington, D. C. 

Dr. Philip Rosen 
Hasbrouck Physics Laboratory 
Unive rs ity of Massachusetts 
Amhers t , Massachusetts 

Dr. Peter D.Robinson 
Department of Mathematics 
University of York 
York, England 

Dr. Robert Yaris 
Department of Chemistry 
University of Washington 
St. Louis, Missouri 

Professor Rudolph A. Marcus 
Depts. of Chemistry & Chemical 
Engineering 

University of Illinois 
Urbana, Illinois 

Dr. Milton Lietzke 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

Dr. Morton Eliason 
Department of Chemistry 
Augustana College 
Rock Island, Illinois 

Professor Howard S. Taylor 
Department of Chemistry 
University of So. California 
Los Angeles , California 

PERIOD OF VISIT 

7 1 1  - 31/65 

711 - 8/31/65 

7 1 1  - 9130165 

711  - 15/65 

716 - 8/5/65 

LECTURES GIVEN 

Liouville Spaces, Pressure 
Broadening & Microwave 
Spectra 

Pressure Shifts of Vibra- 
tion-Rotation Spectra of 
Linear Molecules 

Dispersion Relation for 
a Longitudinal Plasma 
Wave in the Presence 
of a Magnetic Field 

Electron Transfer Reactions 
in Solution & at Electrodes 

Generalization of Activated 
Comp lex Theory 

Analytical Mechanics & 
Chemical Kinetics 

7 19 I 6 5  

7 /9 165 

7 /12  - 16/65 Quantum Chemistry & 
Resonant Scattering 
Theory 
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NAME AND ADDRESS 

Prof. Peter R. Fontana 
Department of Physics 
University of Michigan 
Ann Arbor,  Michigan 

Prof. Edwin A .  Power 
Department of Mathematics 
University College 
Longon, England 

b Prof. Inga Fischer-Hjalmars 
Inst. for Theoretical Physics 
University of Stockholm 
Stockholm, Sweden , 

PERIOD OF VISIT 

8/1 - 6/65 

9/22/65 

9 / 2 6  - 30165 

Prof. Alec Dalgarno 1014 - 8/65 
Department of Applied Mathematics 
The Queen's Univ. of Belfast 
Belfast, North Ireland 

Prof. Per-Olov LUwdin 
Quantum Chemistry Group 
University of Uppsala 
Uppsala, Sweden 

Dr. Howard Reiss, Director 
North American Aviation Science 

Thousand Oaks, California 
Center 

Dr. Frank Moran 
North American Aviation Science 

Thousand Oaks, California 
Center 

Dr. J. A. Barker 
Division of Physical Chemistry 
Commonwealth Scientific & 
Industrial Organization 

Australia 

Prof. Geoffrey Gee 
Northwood Research Center 
Midland, Michigan 

1014 - 8/65 

10118 - 19/65 

10118 - 19/65 

1114 - 5/65 

11/15/65 

LECTURES GIVEN 

Long Range van der Waals 
and Resonance Forces 

Semiempirical Parameters 
in MO Theory 

Further Applications of 
Perturbation Theory 

Aronszajn Projections in 
the Theory of Lower 
Bounds 

Intermolecular Forces 
in Argon 
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APPENDIX C - University of Wisconsin Theoretical Chemistry Institute 
Staff - July 1. 1965 through December 31. 1965 

NAME 

Research Staff: 

Joseph 0. Hirschfelder 

- 

Charles F. Curtiss 

Richard B. Bernstein 

William' Byers Brown 

Saul T. Epstein 

Frank C. Andrews 

Arnold C. Arthurs 

John E. Harriman 

Stuart E. Love11 

Arnold C. Wahl 

William A. Lester, Jr. 

Post-Doctorate Staff: 

Margaret L. Benston 
University of Washington 
Ph.D. 1964 

Duane W. Condiff 
University of Minnesota 
Ph.D. 1965 

John L. Graves 
University of Chicago 
Ph.D. 1956 

Rodger B. Hake 
University of Leicester 
Ph.D. 1965 

TITLE 

Professor of Chemistry; Director, 
Theoretical Chemistry Institute 

PrQfessor of Chemistry; Associate Director, 
Theoretical Chemistry Institute 

Professor of Chemistry 

Professor of Chemistry 

Profess or of Physics 

Assistant Professor of Chemistry 

Visiting Assistant Professor of Theoretical 
Chemistry 

Assistant Professor of Chemistry 

Assistant Professor of Computer Sciences 

Assistant Professor of Chemistry 

Assistant Director, Theoretical Chemistry 
Institute 

Pro j e c t Ass oc iat e 

NSF Post-Doctoral Fellow 

Project Associate 

Project Associate 
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Arturo Hardisson Project Associate 
University of London 
Ph.D. 1962 

Earle R. Kebbeklis" Res e arch As s o c iat e 
Pennsylvania State University 
Ph.D. 1965 

Hojing Kim 
Johns Hopkins University 
Ph.D. 1965 

Robert J. Silbey 
University of Chicago 
Ph.D. 1965 

Computing Staff: 

Marilyn L. Beuchel 

Carol E. Constable 

Warlda W. Giese 

Nahida H. Gordon 

Diane L. Hanson 

Marilyn A. Howard 

Linda E. Hulbert 

Carol M. Sanna 

Graduate Students : 

David E. Bennett 

Peter J. Bertoncini 

Robert J. Beuhler 

Tai Yup Chang 

Jerry Drennan 

Roger W. Fenstermaker 

. 
8 

. 

Project Associate 

NAS-NRC Post-Doctorate Fellow 

Student 

Project Assistant 

Project Ass is t ant 

Project Assistant 

Pro j e c t As s is tan t 

Pro j e c t Ass is t ant 

Project Assistant 

Project Assistant 

Research Assistant 

Research Assistant 

Research Ass is t ant 

Research Assistant 

Teaching Assistant 

Teaching Assistant 
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Graduate Students (Cont'd) 

NAME 

Jose D. Garcia 

Lloyd M. Holm 

R. Soesanto Imam-Rahajoe 

John H. Karl 

William D. Lyon 

Robert L. Matcha 

Mac Brown Milleur 

John J. Mueller 

Thomas J. O'Brien 

Russell T. Pack 

James D. Power 

Robert E. Roberts 

Kenneth M. Sando 

Michael Twerdochlib 

Theodore G. Waech 

Thomas C. Wallace 

Pearl S. C. Wang 

Ronald J. White 

Office Staff: 

Karen A. Rick 

Gloria M. Lawton 

Linda M. Becker 

Mary A. Wilson 

- 

Marjorie J. Heil 

TITLE 

Research Assistant 

Res e arch Ass is t ant 

Fellow, Agency for International Development 

Research Assistant 

Research Assistant 

Research Assistant 

Research Assistant 

Research Assistant 

Research Assistant 

NSF Fellow 

Research Assistant 

NASA Fellow 

Teaching Assistant/Research Assistant 

Research Assistant 

Research Ass is tant 

Teaching Assistant 

Research Ass is tant 

NASA Fellow 

Project Ass is tant 

Stenographer 111 

Stenographer I1 

Typist I11 

Typist I1 



33 

APPENDIX D - ry  of Re r ch  a t  t h e  The r e t i c a l  Chemistry I n s t i t u t e  

:1965 throuvh December 31. 1965 

SUDDEN APPROXIMATION APPLIED TO ROTATIONAL EXCITATION OF MOLECULES BY ATOMS. 
11. SCATTERING OF POLAR DIATOMICS by R. B. Berns te in  and K. H. Kramer 
(slapported by NASA and APL). 

Report  No. WLS-TCI-91. dated 13 J u l y  1965 

W i l l  be  submitted f o r  p u b l i c a t i o n  t o  J. Chem. Phys. 

ABSTRACT 

The sudden approximation is appl ied t o  the  computatian of r o t a t i o n a l  

t r a n s i t i o n  p r o b a b i l i t i e s  and i n e l a s t i c  t o t a l  c ros s  s e c t i o n s  f o r  t he  scat- 

t e r i n g  of p o l a r  and non-polar diatomic molecules ( r i g i d  r o t o r s )  by atoms. 

The c a l c u l a t i o n s  a r e  based upon an  i n t e r a c t i o n  p o t e n t i a l  which inc ludes  

both s h o r t -  and long-range a n i s o t r o p i e s .  A t  thermal energ ies  the  long- 

range a t t r a c t i v e  p a r t s  of the  p o t e n t i a l  a r e  of p r i n c i p a l  importance i n  

determining the  i n e l a s t i c i t y ,  wi th  the  main c o n t r i b u t i o n  a r i s i n g  from the  

quadrupole i n t e r a c t i o n  term (varying as R cos 8 ) . The computations 

show the  r ap id  onse t  of "dominant-coupling" behavior  (randomization of 

t r a n s i t i o n  p r o b a b i l i t y  among a l l  close-coupled states) f o r  impact. parametets  

I .  

- 7  3 

below about  (S/q )', where S i s  the t o t a l  i n e l a s t i c  t o t a l  c ros s  s e c t i o n .  

SUDDEN APPROXIMATION APPLIED TO ROTATIONAL EXCITATION OF MOLECULES BY ATOMS. 
11, SCATTERING OF POLAR DIATOMICS by R. B.  Berns te in  and -K. H. Kramer 
(supported by NASA and APL). 

Report No. WIS-TCI-91 (Erratum) dated 24 September 1965 

W i l l  be submitted f o r  p u b l i c a t i o n  t o  J. Chem. Phys. a long wi th  WIS-TCI-91. 

A STATISTICAL DERIVATION OF THE HYDRODYNAMIC EQUATIONS OF CHANGE FOR A 
SYSTEM OF IONIZED MOLECULES by Raymond J. Reshinske (supported by NASA and 
NSF). 

Report No. WIS-TCI-110 dated 5 August 1965 

W i l l  no t  be pubi ished i n  t h i s  form. 



ABSTRACT 

N o n - r e l a t i v i s t i c ,  c l a s s i c a l  s t a t i s t i ca l  mechanics i s  used t o  desc r ibe  a 

dense f l u i d  of molecules composed of n u c l e i  and e l e c t r o n s  wi th  a pure ly  

coulomb i n t e r a c t i o n  p o t e n t i a l .  

the  time r a t e  of change of any macroscopic (ensemble averaged) dynamical 

v a r i a b l e .  From t h i s  genera l  equat ion,  Maxwell's equat ions i n  a medium and 

the  hydrodynamic equat ions of change a r e  der ived  and expressed i n  terms of 

molecular p r o p e r t i e s ,  e .g .  p o l a r i z a t i o n  and magnet izat ion d e n s i t i e s .  These 

equat ions a r e  d iscussed  i n  the l i m i t i n g  case  of low d e n s i t y  and compared wi th  

A gene ra l  equat ion  of change i s  der ived  f o r  

previous r e s u l t s .  

THE QUANTUM CORRECTIONS TO THE TRANSPORT COLLISION INTEGRALS by Herbert  T. 
Wood (supported by NASA). 

Report No. WIS-TCI-111 dated 10 August 1965 

W i l l  no t  be published i n  t h i s  form. 

ABSTRACT 

The second quantum c o r r e c t i o n  t o  the  phase s h i f t  i n  a c o l l i s i o n  

between p a r t i c l e s  wi th  s p h e r i c a l l y  symmetric p o t e n t i a l s  i s  obtained,  us ing  

the  method of C u r t i s s  and Powers. I n  t h i s  express ion  the  p o t e n t i a l  i s  no t  

r e s t r i c t e d  t o  monotonic func t ions ;  t he  r e s u l t s  apply t o  a p o t e n t i a l  wi th  

an a t t r a c t i v e  minimum. The c l a s s i c a l  l i m i t  and the  f i r s t  quantum cor-  

r e c t i o n ,  both developed e a r l i e r  f o r  monotonic p o t e n t i a l s ,  a r e  a l s o  re- 

der ived s o  t h a t  they may be used wi th  p o t e n t i a l s  possess ing  a minimum. 

These expressions a r e  then  used t o  develop s e r i e s  expressions f o r  Q 

and Q(2) , the so-ca l led  c ros s  s e c t i o n s  f o r  d i f f u s i o n  and v i s c o s i t y ,  

r e spec t ive ly .  These expressions f o r  Q (I) and Q(2) a r e  used t o  o b t a i n  

the  c l a s s i c a l  l i m i t  and the  quantum c o r r e c t i o n s  t o  the t r a n s p o r t  c o l l i s i o n  

i n t e g r a l s .  

(1) 
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ABSTRACT (cont ’d)  

I n  the  case  o f  Q ‘24 the  e f f e c t  of s ta t i s t ics  on c o l l i s i o n s  between l i k e  

molecules i s  a l s o  considered. It i s  found t h a t  Q ‘” is  not  modifed by 

s t a t i s t i c s ,  a t  l e a s t  through terms of o r d e r  h4 . 

THE TKEORX OF ATOMIC COLLISIONS by Donald Kouri (supported by NASA and NSF). 

Report No. WIS-TCI-112 dated 30 J u l y  1965 

W i l l  be publ ished i n  th ree  p a r t s .  

ABSTRACT 

The s e p a r a t i o n  of t h e  r o t a t i o n a l  degrees  of freedom from the N 

p a r t i c l e  SchrHdinger equat ion  i s  discussed and appl ied  t o  t h e  system 

H+ - H A symmetric d e f i n i t i o n  of the  Euler  angles  i s  employed thus  

f a c i l i t a t i n g  the  inc lus ion  of the e f f e c t s  of t he  P a u l i  p r i n c i p l e  due t o  the  

i d e n t i t y  of t he  protons.  The so lu t ions  of the coupled par t ia l  d i f f e r e n t i a l  

equat ions  which a r e  obtained a r e  expanded i n  terms of Born-Oppenheimer 

H2+ e l e c t r o n i c  wave func t ions  and the r e s u l t i n g  coupled equat ions  i n v e s t i -  

gated.  A s e l e c t i o n  r u l e  r e s t r i c t i n g  the  coupl ing t o  s t a t e s  of a s i n g l e  

symmetry i s  der ived  and t h e  asymptotic behavior of t he  coupled d i f f e r e n t i a l  

equat ions  considered.  Next a t runca t ion  scheme f o r  t r e a t i n g  the  coupled 

equat ions  i s  presented .  

Use is  then  made of the  formal s c a t t e r i n g  theory t o  o b t a i n  the  

asymptot ic  form of the  des i r ed  wave func t ion .  This  r e s u l t  i s  used t o  s p e c i f y  

the  a r b i t r a r y  cons t an t s  i n  the  genera l  s o l u t i o n  of t he  Schrudinger equat ion.  

The r e s u l t i n g  s o l u t i o n  desc r ibes  asymptot ica l ly  an incoming p lane  wave and 

outgoing s c a t t e r e d  s p h e r i c a l  waves. 

vanish  a t  the  o r i g i n  s u f f i c e s  t o  determine the  s c a t t e r i n g a n p l i t u d e s ,  which 

i n  t u r n  a r e  shown t o  be r e l a t e d  t o  the c ros s  s e c t i o n s  i n  a simple fash ion .  

The cond i t ion  t h a t  t h i s  g e n e r a l  s o l u t i o n  
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F i n a l l y ,  t he  p r a c t i c a l  a spec t  of ob ta in ing  the  numerical  s o l u t i o n s  of 

the coupled equat ions i s  t r e a t e d .  The problem of determining the  phase 

s h i f t s  f o r  e l a s t i c  s c a t t e r i n g  i s  d iscussed .  A new numerical method f o r  

eva lua t ing  phase s h i f t s  based on the  f a c t  t h a t  the  phase and amplitude of 

the  wave func t ion  a r e  slowly vary ing  func t ions  i s  developed. A new 

r e l a t i o n  f o r  the  abso lu te  phase s h i f t  is  obtained and shown t o  be u s e f u l  

i n  gene ra l i z ing  the W.K.B. method f o r  ob ta in ing  phase s h i f t s  t o  any number 

of t u rn ing  p o i n t s .  Then an  analogous numerical  scheme f o r  coupled equat ions  

i s  developed based on the same concept of slowly vary ing  phase and amplitude 

of t he  s o l u t i o n s  of the  coupled equat ion.  

REMARKS ON THE CALCULATION OF VAN DER WAAL'S ENERGY by S. T. Eps te in  
(supported by NASA). 

Report No. WIS-TCI-113 dated 9 August 1965 

Scheduled t o  be  published i n  the 12/15/65 i s s u e  of J. Chem. Phys. 

ABSTRACT 

We have looked f o r  condi t ions  under which the  van d e r  Waal's energy 

ca l cu la t ed  by means of v a r i a t i o n a l l y  determined p o l a r i z a b i l i t i e s  according 

t o  the  formula of Mavroyannis and Stephens,  i s  an upper bound t o  the  t r u e  

energy. The condi t ions  we f i n d  a r e  q u i t e  r e s t r i c t i v e .  

A PERTURBATION THEORY OF ISOELECTRONIC MOLECULES: APPLICATION TO CO 
BASED ON N 2  by Tai Yup Chang and W. Byers Brown (supported by NASA). 

Report No. WIS-TCI-114 dated 9 August 1965 

Submitted fo r  p u b l i c a t i o n  ?o--Theoretica Chimica Acta. 

ABSTRACT 

A pe r tu rba t ion  theory of he te ronuclear  d ia tomic  molecules based on 

i s o e l e c t r o n i c  homonuclear diatomic molecules i s  developed. The he teronuclear  
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molecule i s  regarded as the  i s o e l e c t r o n i c  homonuclear molecule per turbed  by 

a t r a n s f e r  of charge from one nucleus t o  the  o the r .  

equ i l ib r ium i n t e r n u c l e a r  d i s t a n c e ,  d i s s o c i a t i o n  energy, and e l e c t r i c  d ipo le  

moment a r e  considered.  The Hartree-Fock approximations f o r  c a l c u l a t i n g  the  

e f f e c t  of one-e lec t ron  pe r tu rba t ions  a r e  a l s o  d iscussed .  

The molecular energy, 

The theory i s  appl ied  t o  t h e  i s o e l e c t r o n i c  molecules CO and Nq . 
By making u s e  of the  uncoupled Hartree-Fock approximation, the  f i r s t - o r d e r  

P 

wave func t ion  i n  the  p e r t u r b a t i o n  s e r i e s  i s  de te rd ined  by the  v a r i a t i o n a l  

method. The ca l cu la t ed  molecular energy of CO i s  too  low and the  d i p o l e  

moment i s  t o o  l a r g e  i n  magnitude. However the  ca l cu la t ed  p o l a r i t y  is  i n  

agreement wi th  the  r e s u l t s  of recent  Hartree-Fock c a l c u l a t i o n s  a t  the  

equi l ibr ium d i s t a n c e .  

A DOUBLE PERTURBATION TREATMENT OF THE GROUND STATE OF THE HYDROGEN 
MOLECULE by Bowen Liu,  W. D. Lyon and W. Byers Brown (supported by NASA 
and NSF). 

Report  No. WIS-TCI-115 dated 11 August 1965 

Scheduled t o  be publ ished i n  the  1/15/66 i s s u e  of J. Chem. Phys. 

ABSTRACT 

The ground s t a t e  of the hydrogen molecule i s  t r e a t e d  by a double 

p e r t u r b a t i o n  theory through second order .  The unperturbed system i s  def ined  

mathematically by the unperturbed s p a t i a l  wave func t ion ,  which has the  

form exp [ - s ( r  +r +r +r ) where s i s  an  energy-optimized s c a l e  

parameter.  The pe r tu rba t ions  a r e  ( a )  one-e lec t ron  terms due t o  t h e  simple 

form chosen f o r  t he  ze ro th  o rde r  wave func t ion ,  and (b)  t h e  two-electron 

r epu l s ion  p o t e n t i a l .  The f i r s t  order  wave func t ion  f o r  (a) is  known 

a n a l y t i c a l l y ,  and t h a t  f o r  (b) i s  obtained approximately from the  Hyl le raas  

a1 bl a2 b2 1 
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v a r i a t i o n a l  p r i n c i p l e  using a James-Coolidge type t r i a l  func t ion .  

The energy through second o rde r  g ives  an equi l ibr ium d i s t a n c e  w i t h i n  

one p e r  cen t  of t h a t  obtained by Kolos and Roothaan and a d i s s o c i a t i o n  

energy of 4.9884 eV, f i v e  pe r  cent  l a r g e r  than  t h e i r  va lue  of 4.7467 eV. 

The wave func t ion  through f i r s t  o rde r  g ives  expectation. va lues  f o r  one- 

e l e c t r o n  opera tors  i n  good agreement wi th  accu ra t e  c a l c u l a t i o n s ,  bu t  i s  

poor when the e l e c t r o n s  a r e  c lose  toge ther .  

THE 112 PERTURBATION THEORY OF THE HOOKE'S T A W  MODEL FOR THE TWO-ELECTRON 
ATOM by Ronald J. White and W. Byers Brown (supported by NASA). 

Report No. WIS-TCI-116 dated 29 August 1965 

W i l l  be submitted f o r  pub l i ca t ion  t o  J. Math. Phys. 

ABSTRACT 

The a i m  of t h i s  paper i s  t o  c o n t r i b u t e  t o  the s tudy of the  f i r s t -  

o rde r  pe r tu rba t ion  equat ion  f o r  the  two-electron atom, which has not  y e t  

been so lved .  The corresponding equat ion  f o r  the  ground s t a t e  of a model 

atom i s  solved a n a l y t i c a l l y .  I n  the  model t he  Coulomb a t t r a c t i o n  of 

the  nucleus is replaced by a Hooke's l a w  a t t r a c t i o n  (harmonic o s c i l l a t o r  

p o t e n t i a l )  while t he  i n t e r a c t i o n  of the  e l e c t r o n s  remains coulombic. 

The f i r s t - o r d e r  equat ion f o r  the  Hartree-Fock approximation i s  a l s o  solved 

a n a l y t i c a l l y .  The pe r tu rba t ion  energ ies  f o r  t he  exac t  and Hartree-Fock 

t rea tments  a re  obtained through t h i r d  order .  

THE GROUND STATE ENERGY OF A MOLECULE I N  THE ADIABATIC APPROXIMATION by 
S. T. Epstein (supported by NASA). 

Report No. WIS-TCI-118 dated 25 August 1965 

Scheduled t o  be published i n  the 1/15/66 i s s u e  of J. Chem. Phys. 

.4 

38 



c 

39 

CONSTRAINED VARIAT'LON METHOD I N  MOLECULAR QUANTUn MECHANICS. COMPARISON OF 
DIFFERENT APPROACHES by D. P. Chong and Yecheskel Ras i e l  (supported by NASA). 

Report  No. WIS-TCI-119 dated 26 August 1965 

Submitted f o r  pub l i ca t ion  t o  3. Chem. Phys. 

ABSTRACT 

Numerical resu l t s  are presented f o r  t he  l i t h ium hydride molecule, 

ob ta ined  by d i f f e r e n t  techniques of t he  cons t ra ined  v a r i a t i o n  method. The 

cons t ra ined  wave func t ion ,  t he  degree t o  which the  c o n s t r a i n t  i s  s a t i s f i e d ,  

and the  s a c r i f i c e  i n  energy a r e  compared. The c o n s t r a i n t  opera tor  used 

w a s  t h e  e l e c t r o n i c  d ipo le  moment i n  one case and the  t o t a l  Hellmann-Feynman 

fo rce  i n  another .  In  both cases ,  the paramet r iza t ion  procedure i n  the  

d i r e c t  s o l u t i o n  approach (Method I B )  w a s  found t o  be supe r io r .  

IMPROVEMENT OF UNCOUPLED HARTREE-FOCK EXPECTATION VALUES FOR PHYSICAL 
PROPERTIES by Debbie Fu- t a i  Tuan, Saul T. Eps te in  and Joseph 0. Hi r sch fe lde r  
(supported by NASA). 

Report No. WIS-TCI-121 dated 4 September 1965 

Scheduled t o  be published i n  the 1/15/66 i s s u e  of J. Chem. Phys. 

ABSTRACT 

It is  shown t h a t  i f  one uses the uncoupled Hartree-Fock method as a 

zero-order  approximation f o r  c a l c u l a t i n g  atomic and molecular second-order 

p r o p e r t i e s  ( e i t h e r  s t a t i c  o r  dynamic), then the  f i r s t  o rde r  c o r r e c t i o n s  t o  

t h i s  approximation are determined s o l e l y  by q u a n t i t i e s  a l r eady  a v a i l a b l e  

from the  zero-order  c a l c u l a t i o n s .  No new equat ions  need be solved.  

THE CUSP CONDITIONS FOR MOLECULAR WAVE FUNCTIONS by R u s s e l l  T. Pack and 
Joseph 0. Hi r sch fe lde r  (supported by NASA and NSF). 

Report No. WIS-TCI-123 dated 5 November 1965 

W i l l  be submitted f o r  p u b l i c a t i o n  to  J. Chem. Phys. i n  rev ised  form. 
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The cusp condi t ions  are derived which desc r ibe  the  behavior  of the  

wave func t ion  a t  the  s i n g u l a r i t i e s  of t h e  Coulomb p o t e n t i a l  corresponding 

t o  t h e  coalescence of two o r  more p a r t i c l e s .  I n  t h i s  de r iva t ion ,  t he  wave 

f u n c t i o n  i s  not  s p h e r i c a l l y  averaged; t he  f ixed -nuc le i  approximation i s  not  

r equ i r ed ;  and the  wave func t ion  may have nodes a t  the  s i n g u l a r  po in t s .  I n  

a d d i t i o n  t o  the  genera l  t rea tment ,  t h e  c u s p  condi t ions  f o r  diatomic 

molecules a r e  d iscussed  i n  t h r e e  d i f f e r e n t  coord ina te  systems. 

LONG RANGE (RETARDED) INTERMOLECULAR FORCES by W i l l i a m  J. Meath and Joseph 
0. Hi r sch fe lde r  (supported by NASA and NRC-Canada). 

Report  No. WIS-TCI-124 dated 2 1  September 1965 

Scheduled t o  be publ ished i n  the  2/15/66 i s s u e  of J. Chem. Phys. 

ABSTRACT 

The C a s i m i r  and Polder  re tarded d ipole-d ipole  energy of i n t e r a c t i o n  

between two ground s ta te  (non-degenerate) atoms is  expressed i n  terms of 

Sine and Cosine i n t e g r a l s .  This r e s u l t  should be accu ra t e  f o r  a l l  i n t e r -  

atomic sepa ra t ions  of R . I n  the range of moderately l a r g e  sepa ra t ions  

(discussed i n  the  preceding paper)  where the  charge d i s t r i b u t i o n s  do not  

over lap  and where R i s  small compared t o  x-(.ca E)-’ , the  C a s i m i r  
0 

This  expansion i s  only accura te  fo r  f l / R $ O *  6.  Here o( i s  the  f i n e  

s t r u c t u r e  cons tan t .  
-6 

The R Cbterm i s  the  u s u a l  London d i s p e r s i o n  energy. 

The qae-‘wq term w a s  obtained i n  the  preceding paper by tak ing  the  

expec ta t ion  va lue  of the  Bre i t -Pau l i  Hamiltonian using the wave func t ion  

f o r  t he  two-atom system cor rec ted  f o r  t he  c l a s s i c a l  e l e c t r o s t a t i c  d ipo le -  
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d i p o l e  i n t e r a c t i o n s .  Thus, a t  l e a s t  i n  the  d ipole-d ipole  approximation, t he  

Bre i t -Pau l i  Hamiltonian g ives  the  energy of i n t e r a c t i o n  accu ra t e  through 

O(42) . For l a r g e  va lues  of e/x , the  i n t e r a c t i o n  energy is  expanded 
0 

-6 -11 i n  t h e  s e r i e s  
-3 -9 q-’4-70+4 R F+9‘ 8 G-+,.. 

E;, += 
This  l a r g e  R expansion i s  only accura te  f o r  ~l l (oz&o . 

ONE- AND TWO-CENTER EXPANSIONS OF THE BREIT-PAULI HAMILTONIAN by Pe te r  R. 
Fontana and W i l l i a m  J. Meath (supported by NASA). 

Report  No.  WIS -TCI- 125 da ted  7 December 1965 

ABSTRACT 

The o r b i t - o r b i t ,  sp in-sp in  and s p i n - o r b i t  Hamiltonians of the  B r e i t -  

P a u l i  approximation are expressed i n  terms of i r r e d u c i b l e  t enso r s .  One- 

and two-center expansions are given i n  a form i n  which the coord ina te  

v a r i a b l e s  of t he  i n t e r a c t i n g  p a r t i c l e s  a r e  separa ted .  I n  the  one-center 

expansions of t he  o r b i t - o r b i t  and s p i n - o r b i t  Hamiltonians the  use of the  

g r a d i e n t  formula reduces some of the i n f i n i t e  sums t o  f i n i t e  ones. Two 

c e n t e r  expansions a r e  d iscussed  i n  d e t a i l  f o r  t he  case of non-overlapping 

charge d i s t r i b u t i o n s .  The angular  parts of the  ma t r ix  elements of t hese  

Hamiltonians a r e  eva lua ted  f o r  product wave func t ions .  

INTRINSIC INTRACTABILITY I N  & I N I T I O  QUANTUM MECHANICAL CALCULATIONS ON 
COMPLICATED SYSTEMS by Thomas H. Walnut ( t h i s  work w a s  no t  supported by 
any of our  c o n t r a c t s  o r  g r a n t s ) .  

Report No. WIS-TCI-127 dated 15 J u l y  1965 



ABSTRACT 

The hypothesis  i s  made t h a t  & i n i t i o  quantum mechanical c a l c u l a t i o n s  

of most p rope r t i e s  of complicated molecules and s o l i d s  a r e  i n t r i n s i c a l l y  

h t r a c t a b l e .  It i s  S ~ O W R  t h a t  such a hypothes is  i s  reasonable .  The con- 

sequences of the hypothesis  a r e  examined. 

systems which d i f f e r  by very  sma1.I changes i n  t h e i r  Hamilt.oni.ans i s  i n t r o -  

The concept of an ensemble of 

duced. It i s  found t h a t  under these  cond i t ions  p r o p e r t i e s  would be 

unpredic tab le  unless  the  system behaved as an ord inary  member of the ensemble 

The assumption t h a t  n a t u r a l l y  occurr ing  complicated systems behave as 

ord inary  members of  an ensemble of similar systems i s  found t o  be c o n s i s t e n t  

wi th  observat ion.  The ensemble in t roduces  s t a t i s t i c a l  techniques i n  so lv ing  

complicated problems and consequently r e s u l t s  of such c a l c u l a t i o n s  should 

be s u b j e c t  t o  f l u c t u a t i o n s .  I n  diis way random phase p r o p e r t i e s  a r i s e  

n a t u r a l l y  i n  complicated systems. 

THE SUDDEN APPROXIMATION APPLIED TO MOLECULAR PROBLEMS. I. NON-REACTIVE 
COLLISIONS by J. L. J. Liosenfeld.(supported by NASA and Advanced Research 
P r o j e c t  Agency-Brown). 

Report No. WIS-TCI-128 dated 27 September 1965 

W i l l  be submitted f o r  pub l i ca t ion  i n  rev ised  form. 

ABSTRACT 

The sudden approximation f o r  t r a n s i t i o n  p r o b a b i l i t i e s  i s  der ived  using 

an  evo lu t ion  opera tor  formalism. 

s t a t e d  and t h e i r  v a l i d i t y  and a p p l i c a b i l i t y  a r e  d iscussed  i n  r e l a t i o n  t o  

The assumptions requi red  are e x p l i c i t l y  
$* 

energy t r a n s f e r  during c o l l i s i o n s  between molecules and atoms. 

t h a t  s u f f i c i e n t  condi t ions  ensuring the  v a l i d i t y  of t he  sudden approximation 

a r e  (1) t h a t  a c l a s s i c a l  d e s c r i p t i o n  be adequate t o  desc r ibe  the  r e l a t i v e  

motion of the molecules o r  atoms, and (2 )  t h a t  the energy l e v e l s  of the 

s t a t e s  mainly involved i n  the process  be such t h a t  the  product of t h e i r  

energy d i f f e rence  and the  c o l l i s i o n  time be small compared t o g  . 

It i s  shown 

L 
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THE APPLICATION OF PERTURBATION TmORY TOWARD THE DETERMINATION OF MOLECULAR 
ENERGIES A?YD PROPERTIES by Robert L. Matcha (supported by NASA). 

Report No. WIS-TCZ-129 da ted  15 October 1965 

W i l l  no t  be published i n  t h i s  form.  

ABSTRGCT 

The ground s t a t e  eraergy of t h e  hydrogen molecule i s  accu ra t e ly  d e t e r -  

mined wi th  the  a i d  of EPayleigh Schroedinger p e r t u r b a t i o n  theory,  t r e a t i n g  

t h e  e l e c t r o n i c  i n t e r a c t i o n  as a p e r t u r b a t i o n  t o  the remaining Hamiltonian. 

Techniques a r e  developed f o r  eva lua t ing  i n t e g r a l s  conta in ing  ze ro th  o rde r  

Hp+ wave funct ions .  A genera l ized  Hylleraas  v a r i a t i o n a l  method i s  used t o  

determine wave func t ions  beyond ze ro th  order .  

The p e r t u r b a t i o n  energy through f i f t h  order  a t  the  equ i l ib r ium 

s e p a r a t i o n  i s  found t o  be comparable i n  accuracy t o  the  most accu ra t e  

v a r i a t i o n a l  ca l cu la t ions .  

A PERTURBATION THEORY OF ISOELECTRIC MOLECULES: CONVERGENCE OF SERIES FOR 
ONE DIMENSIONAL DELTA POTENTIAL MODEL by P e a r l  S.  C. Wang and W. Byers Brown 
(supported by NASA). 

Report No. WIS-TCI-130 da ted  17 November 1965 

W i l l  be submitted f o r  pub l i ca t ion  t o  Theore t ica  Chimica Acta. 

ABSTRACT 

The p e r t u r b a t i o n  theory of he te ronuclear  molecules based on i s o -  

e l e c t r o n i c  homonuclear molecules developed by Chang and Byers Brown i s  

appl ied  t o  the d e l t a  p o t e n t i a l  model. The r a d i i  of convergence of the  

s e r i e s  expansions f o r  the energy and d ipo le  moment a r e  obtained.  The 

e r r o r s  i n  the  p e r t u r b a t i o n  t reatment  due t o  neg lec t  of h ighe r  o rde r  terms 

a r e  ca l cu la t ed .  The r e s u l t s  tend t o  suppor t  the  a p p l i c a t i o n  of t h i s  theory  

t o  the CO-N2 problem. 
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THE QUANTUl lECHANIC .L KINETIC THEORY OF LO. 
(supported by NASA and NSF). 

Rep o r  t No. WIS -TCL-. 13 1 

W i l l  no t  be publ ished i n  t h i s  form. 

ABSTRACT 

The t r a n s p o r t  c o e f f i c i e n t s  of a gas of 

BED SPHERES by John J. Mueller 

dated 2.5 October 1965 

loaded spheres ,  t h a t  i s ,  spheres  

i n  which the c e n t e r  of mass does not co inc ide  wi th  the  geometrical. c e n t e r  

a r e  considered.  The amount by which the  cen te r  of mass i s  d isp laced  from 

the  c e n t e r  of the  sphere i s  denoted by $ and the  diameter  of the sphere 

i s  . The s c a t t e r i n g  amplitude and c ross  s e c t i o n  a r e  found as power 

s e r i e s  i n  &/c ; t he  cmeff ic ien ts  of the  zero,  f i r s t ,  and second power 

of &/a a r e  obtained.  Using these r e s u l t s ,  the  quantum mechanical ex- 

p re s s ions  f o r  t he  r e l a x a t i o n  time, c o e f f i c i e n t  of  shear  v i s c o s i t y ,  and 

c o e f f i c i e n t  of thermal conduct iv i ty  a r e  a l s o  obtained e x p l i c i t l y  t o  second 

order  i n & / c  . These q u a n t i t i e s  a r e  then  eva lua ted ,  numerical ly ,  i n  the  

l i m i t  t h a t  Planck 's  cons tan t  approaches zero .  The r e s u l t s  a r e  found t o  

agree  wi th  r e s u l t s  obtained by purely c l a s s i c a l  methods. 

PATH-INTEGRALS I N  DYNAMICS by A. M. Arthurs  (supported by NASA and U. S. 
Army). 

Report No. WIS-TCI-132 dated 1 November 1965 

Submitted f o r  p u b l i c a t i o n  to J. Math. Phys. i n  r ev i sed  form. 

ABSTRACT 

The Lagrangian formulat ion of quantum dynamics i n  terms of path- 

i n t e g r a l s  due t o  Feynman desc r ibes  systems f o r  which the Hamiltonian i s  

c l a s s i c a l  i n  form.and quan t i za t ion  is  c a r r i e d  out  i n  terms of commutators 

r a t h e r  than  anticommutators.  

the  a c t u a l  eva lua t ion  of t he  p a t h - i n t e g r a l  i t s e l f .  

The d i f f i c u l t y  wi th  the  Feynman method i s  

We give an  e x p l i c i t  
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e v a l u a t i o n  f o r  c l a s s i c a l  wave motion i n  cne dimension. This r equ i r e s  an  

ex tens ion  of the  Feynman method which w a s  introduced by Tobocman and 

s t u d i e d  i n  d e t a i l  by Davies. 

We a l s o  d i scuss  t h e  work of Corscn on the  ques t ion  of a un i f i ed  

formula t ion  of dynamics, 

NUMERICAL EVALUATION OF BARRIER PENETRATION A" RESONANCE EFFECTS ON PHASE 
SHIFTS by R. B. Berns te in ,  C. F. Ctirtiss, S. Imam-Rahajoe, and H. T. Wood 
(supported Sy NASA) 

Report  No. WIS-TCI-133 dated 27 December 1965 

To be submitted f o r  p u b l i s a t i o n  i n  the  J. Chem. Phys. 

ABSTRACT 

Quantum mechanical ca l cu la t ions ,  based ora the  Lennard-Jones (12,6) 

p o t e n t i a l ,  a r e  presented showing the dependence of t he  reduced phase s h i f t ,  

7*, 'on the  quantum p a r a m e t e r , A  , f o r  a f ixed  reduced e f f e c t i v e  
+- 

p o t e n t i a l  and var ious  reduced energ ies ,  E 
behavior  of 7*CA*) i s  due pr imar i ly  t o  t he  inc lus ion  of the  phys ica l ly  

unimportant con t r ibu t ion  of /V\n 
number of quasi-bound ( v i r t u a l )  s t a t e s  of energy l e s s  than E . A 

The observed o s c i l l a t o r y  

t o  t h e  phase s h i f t ,  where M 
i f  

i s  the  

modified reduced phase s h i f t ,  , def ined  by excludcng t h i s  con t r ibu t ion ,  

d i s p l a y s  only the  sharp i n f l e c t i o n s  a s soc ia t ed  wi th  b a r r i e r  p e n e t r a t i o n  

under esonance condi t ions .  Except f o r  the  resonance con t r ibu t ion ,  the 

phase s h i f t s  may be a c c u r a t e l y  reproduced by a second-order JWKB procedure.  

This method a l s o  accu ra t e ly  p r e d i c t s  t h e  resonant  ene rg ie s  ( i . e .  t he  ene rg ie s  

of the  quasi-bound s t a t e s ) .  The f i r s t - o r d e r  JWKB t rea tment  of t he  b a r r i e r  

p e n e t r a t i o n  problem by Ford, H i l l ,  Wakano, and Wheeler s u f f i c e s  f o r  the  

purpose of e s t ima t ing  the Level widths and l i f e t i m e s  of the  v i r t u a l  s t a t e s  

as w e l l  as the  main f e a t u r e s  of the resonant  phase s h i f t s ,  bu t  does not  

accu ra t e ly  reproduce the  quanta l  c a l c u l a t i o n s .  
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CALCULATED ELASTIC SCATTERING CROSS SECTIONS FOR THE H+ - He SYSTEM by 
Gunter G. Weber, Mahida H. Gordon and R.  B.  Berns te in  (supported by NASA). 

Report N o .  WIS-TCI-134 da ted  3 November 1965 

Submitted f o r  publ icat , ion t o  J. Chem. Phys. 

ABSTRACT. 

The & i n i t i o  computations by MichePs and Harris, and Pyerimhoff, of 

-k the  ground ('x') s t a t e  of HeH provide a r e l i a b l e  i n t e r a c t i o n  p o t e n t i a l  

V ( r )  t o  serve as a b a s i s  f o r  p r e d i c t i o n  o f  proton-helium e l a s t i c  s c a t t e r i n g .  

This r e p o r t  summarizes c a l c u l a t i o n s  of t o t a l  e l a s t i c  cross s e c t i o n s ,  Q(E), 

f o r  low c o l l i s i o n  energ ies  (E i n  the  range 0.3 - 200 e V >  where Q i s  

s e n s i t i v e  pr imar i ly  t o  the  a t t r a c t i v e  part. of V ( r ) .  Superimposed upon 

t h e  monotonic E dependence ( a r i s i n g  from t h e  long-range rm4 "tai l"  -4i 

of t h e  p o t e n t i a l )  a r e  a number of broad extrema i n  Q(E) ~ c h a r a c t e r i s t i c  

of a p o t e n t i a l  w e l l  wit,h t h e  capac i ty  f o r  s e v e r a l  (27) bound ( v i b r a t i o n a l )  

s ta tes .  

APPLICABILITY OF PERTURBATION THEORY TO MOLECULAR PROBLEMS by Joseph 0. 
Hirschfe lder  (supported by NASA). 

Report No. WIS-TCI- 135 dated 11 November 1965 

Proc. of Advanced Seminar on P e r t u r b a t i o n  Theory and I t s  Appl ica t ion  i n  
Quantum Mechanics, John Wiley and Sons, Inc. ,  1966. 

ABSTRACT 

This  paper is a genera l  survey of t h e  ways i n  which low o r d e r  per-  

t u r b a t i o n  theory i s  used i n  quantum mechanics t o  determine the  energy and 

o t h e r  p r o p e r t i e s  of molecules. The v a r i o u s  types of mathenut ical  problems 

encountered a r e  discussed.  

BIPOLAR ANGLE AVERAGES AND TWO-CENTER, TWO-PARTICLE INTEGRALS INVOLVING r 
by M. B. M i l l e u r ,  M. 'Pwerdochlib, and J. 0. Hi.rschfelder (supported by NAAi). 

Report No. WIS-TCI-136 

Submitted fo r  p u b l i c a t i o n  t o  J. Chem. Phys. 

da ted  30 November 1965 
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ABSTRACT 

The b i p o l a r  angle  average o f  a two-center,  two-par t ic le  func t ion  

r ;R)  i s  < f > = ( 4 V  ) - V f  Wal dWb2 . A b i p o l a r  
f ( r a l *  rb2y 1 2  

ang le  average weight func t ion  Ln is der ived  from geometr ica l  cons ide ra t ions  
v (max) 

f L dr12 . The Lo is  independent of f such t h a t  ( f )  =A12imin) 12: t 0 

and has  a d i f f e r e n t ,  although simple, f u n c t i o n a l  form i n  each of 42 reg ions  

Of ral-rb2-r12 

i n  only four  reg ions  of 

f o r  t he  b i p o l a r  angle  average are s u r p r i s i n g l y  simple and genera l ,  r equ i r ing  

only t h e  eva lua t ion  of i n t e g r a l s  of t he  form/f r12dr12 and/f r12*dr12 . 
The b i p o l a r  angle  averages a r e  very u s e f u l  i n  the  eva lua t ion  of two-center,  

space.  However, the < f > have d i f f e r e n t  func t iona l  forms 

space. The express ions  which we d e r i v e  'al-'b2 

two-pa r t i c l e  i n t e g r a l s .  Many of our r e l a t i o n s  a r e  g r e a t l y  s i m p l i f i e d  by 

the  u s e  of homogeneous coord ina tes .  

EXISTENCE OF TWO PHASES I N  ONE-DIMENSIONAL CLAS"s1CAL FLUIDS by F. C. Andrews 
and John M. Benson (supported by NASA and NSF). 

Report No. WIS-TCI-140 da ted  30 November 1965 

Accepted, f o r  p u b l i c a t i o n  i n  Physics L e t t e r s .  

ON THE THEORY OF DROPLET FORMATION I N  0NE:DIMENSIONAL FLUIDS by F. C. Andrews 
(supported by NSF). 

Report No. WIS-TCI- 141 da ted  2 December 1965 
Accepted f o r  pub l i ca t ion  i n  Physics  Let ters .  

APPROXIMATE PERTURBATION TREATMENT OF H2+ by W i l l i a m  D. Lyon, W i l l i a m  A. 
Sanders and Joseph 0. Hi r sch fe lde r  (supported by NASA). 

Report No. WIS-TCI-142 
Submitted f o r  p u b l i c a t i o n  t o  J. Chern. Phys. 

i 

1 
J 

dated  13 December 1965 

ABSTRACT 

A procedure f o r  approximating a c o r r e c t  p e r t u r b a t i o n  of two i n t e r a c t i n g  

atoms i n  the  reg ion  of overlap w a s  used t o  c a l c u l a t e  the  energy of H2+ . 
A s  a r e s u l t  of symmetry cons idera t ions ,  t he  r e s u l t s  were not  promising. 
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Additional Publications During the Period July 1. 1965 - December 31. 1965 

"Guillemin-Zener Energy of H +I1 by Sungwoon Kim, Tai Yup Chang, and J. 0. 
Hirschfelder (WIS-TCI-40A), 3. Chem. Phys. , 43, 1092 (1965). 

"On the Solution of the BBGKY Equation for a Dense Classical Gas" by F. C. 
Andrews (WIS-TCI-70), J. Math. Phys. , a, 1496 (1965). 
"Determination and Assessment of Morse Potential Flinctions for Some Non- 
polar Gases'' by D. D. Konowalow and s. Carra (WIS-TCI-74), Phys. of Fluids, 
-Y 8 1585 (1965). 

"Phase Shifts and the Quantum Mechanical Hamilton-Jacobi Equation" by 
Donald J. Kouri and C. F. Curtiss (WIS-TCI-81), J. Chem. Phys., 43, 1919 
(1965). 

"Dipole Matrix Elements for Helium in the First-Order Sheilding Approximation" 
by Kenneth M. Sando and Saul T. Epstein (WIS-TCI-82), J. Chem. Phys., 43, 
1620 (1965). 

"Perturbation Treatment of the Ground State of H +I1 by William D. Lyon, 
Robert L. Matcha, William A. Sanders, William J.%eath and Joseph 0. 
Hirschfelder (WIS-TCI-85), J. Chem. Phys. , 43, 1095 (1965). 

"Perturbation Treatment of the Ground State of HeH*'' by Robert L. Matcha, 
William D. Lyon and Joseph 0. Hirschfelder (WIS-TCI-87), J. Chem. Phys., 
- 43, 1101 (1965). 

"Internal Energy of Reaction Products by Velocity Analysis. 11. Scattered 
KBr" from the Crossed Molecular Beam Reaction K + Br 
and R. B. Bernstein (WIS-TCI-88X), J. Chem. Phys., 45, 1140 (1965). by Arthur Grosser 

"Long-Range Interaction of Two ls-Hydrogen Atoms Expressed in Terms of 
Natural Spin-Orbitals" by J. 0. Hirschfelder and P. 0. Lowdin (WIS-TCI-92), 
Mole. Phys. , !3, 491 (1965). 

"Quantum-Mechanical Boltzmann Equation" by David K. Hoffman, John J. 
Mueller, and C. F. Curtiss (WIS-TCI-95), J. Chem. Phys., 43, 2878 (1965). 

"Direct Calculation of Contributions to the Second-Order Energy of Helium" 
by Bowen Liu, William J. Meath and J. 0. Hirschfelder (WIS-TCI-96), J. 
Chem. Phys., 43, No. 10 (Part l), 3756 (1965). 

"Discussion Following Pauncz's Paper" by D. P. Chong, J. Chem. Phys., 43, 
No. 10 (Part 2), S73 (1965). 

"Determinqtion of Intermolecular Forces" by J. 0. Hirschfelder, J. Chem. 
Phys., 43, No. 10 (Part 2) ,  S199 (1965). 


